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Application  and  theory  of  Inversion  Controlled  Switch  (ICS)  devices  (which  we 
previously  called  '’Controlled  Inversion  Devices*)  were  investigated.  Random 
access  memory  arrays  of  discrete  devices  were  constructed  in  order  to  test 
memory  array  design.  Each  memory  cell  had  only  a single  active  device. 
Examination  of  the  current  voltage  characteristics  of  the  ICS  memory  cell  and 
experiments  on  3 x 3,  1 x 5 and  5x1  arrays  lead  to  several  refinements  of 
cell  design,  the  most  important  one  being  the  use  of  diode  isolation  of  device 
bases.  This  final  circuit  design  effectively  prevented  all  unwanted  interaction 
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between  different  memory  cells.  Using  the  circuit  design  a simple  2x2 
integrated  array  was  designed.  The  integrated  circuit  made  use  of  buried  layer 
emitter,  junction  isolation  and  amorphous  germanium  load  resistors  which  were 
deposited  directly  on  top  of  device  collector  contacts.  The  basic  ICS  structure 
chosen  for  this  circuit  were  dolybdenum-Si02~n-p+  dpvices . The  circuit  fabrica- 
tion required  seven  masking  steps  including  the  one  required  to  define  the 
buried  emitters.  Fabrication  studies  revealed  that  most  difficulties  encounterec 
were  due  to  steps  which  were  not  connected  with  the  active  ICS  device  itself. 

Six  wafers  were  processed.  The  final  wafer  had  100%  yield  except  for  damages 
incurred  in  probing.  The  array  worked  as  expected  as  a static  memory  with  non- 
destructive read  out.  Read,  write  and  erase  functions  could  be  accomplished 
with  only  small  incremental  power  requirements  above  that  needed  for  holding 
information.  The  integrated  circuit  was  designed  with  large  areas  to  avoid 
fabrication  difficulties.  The  power  density  required  to  hold  information  in  the 
array  devices  was  14  watts  per  square  centimeter  of  collector  area.  Projected 
performance  of  smaller  area  devices  in  larger  arrays  predicts  that  the  holding 
total  power  could  be  as  low  as  5 mW  for  a 16K  bit  memory.  Capacitance  as  a 
function  of  voltage  was  studied  to  help  define  band  surface  structure  and  to 
elucidate  theory,  lb  was  noted  that  discrete  devices  could  react  nonlinearly 
to  microwave  frequency  power  and  thus  be  used  as  microwave  detectors  or  alarms. 

A variety  of  ICS  structures  were  subjected  to  radiation  hardness  testing  at 
RADC's  Hanscom  Field  facilities  using  a IMeV  electron  beam.  Most  devices  could 
not  hold  information  in  a memory  cell  circuit  when  the  transient  dose  rate  was 
in  the  range  of  5 x 10^-10^  rads  (Si)/s.  However,  one  structural  variation,  a 
- nolybdenum-silicon  oxynitride  -p-n+  structure  could  withstand  transient  radia- 
tion in  the  range  of  1010  rads  (Si)/s.  Tests  on  other  structural  variations  of 
this  basic  device  type  confirmed  these  results.  The  behavior  under  radiation 
and  the  effects  of  radiation  hardening  on  memory  cell  circuit  parameters  can  be 
predicted  semi-quantitatively  from  the  dc  behavior  of  the  device  under  full 
three-terminal  biasing. 
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SEC r I ON  1 
INTRODUCTION 


A.  GOAL1'  01-  PROGRAM 

l he  goals  of  this  program  arc  to: 

(a)  Complete  basic  theory  of  ICS  operation; 

( t> ) Study  nonlinear,  thin  insulator  conductors; 

(c.)  Investigate  ICS  memory  arrays; 

(d)  Investigate  ICS  loqic  circuit^; 

(e)  Investigate  problems  of  complete  integration; 

(f)  Perform  feasibility  demonstration  of  complete 

integrated  circuit; 

(q)  Investigate  discrete  device  applications  of  ICS. 

15 . OUTLINE:  OF  REPORT 

The  "inversion  controlled  switch”  (1CSI  is  a novel  semiconductor 
device  which  can  exist  in  two  stable  conduction  states,  even  though  it  has 
only  one  p-n  junction.  The  type  of  structure  investigated  are  shown  in  out- 
line in  1 iy.  1.  At  the  time  of  the  award  of  this  contract,  the  device  was 
cal  led  a "controlled  inversion  device"  but  the  obvious  acronym  (CIO)  could 
cause  confusion  with  "charge  injection  device,"  to  which  the  ICS  bears  no 
functional  relationship. 

The  goils  of  this  program  have  been  met.  Basic  device  properties 
md  a theory  sufficient  for  understanding  applications  have  been  completed 
and  will  be  published.  Appendices  A and  B are  preprints  of  this  basic  mate- 
rial which  also  includes  the  most  important  properties  of  insulator  mate- 
rials which  have  been  used  in  ICS  devices. 
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IC.  1 Cross  sectional  diagram  of  basic  inversion-control  led  switch 
structures  and  circuit  symbols. 

Top:  M-I-n-p  structure. 

Bottom:  M-l-p-n  structure. 


ICS  memory  arrays  have  been  investigated  and  are  described  in 


Seer..  A and  3 ot  this  report.  The  fabrication  of  small  integrated  arrays  is 
drsiiibed  in  Sec. 3,  and  the  projections  on  their  potential  future  performance 
is  presented  in  Sec.  4.  Logic  (nonlatching)  circuits  are  described  in  Sec.  5. 
Section  6 descr'bes  the  capacitance  voltage  characteristics  of  the  devices 
and  the  relation  of  these  measurements  to  basic  device  phenomena.  An 
example  of  a potential  discrete  device  application  as  a microwave  detector 
or  alarm  is  givt n in  Sec.  7. 

During  the  first  contract  on  this  device,  an  unexpected  phenomenon 
was  discovered  in  polycrystalline  silicon.  This  was  a nonvolatile  memory 
switching  characteristic.  This  phenomenon  was  not  investigated  to  any  sub- 
stantial extent  in  the  current  contract  because  it  proved  to  be  a nonrugged 
device  which  was  not  radiation  hard.  Appendix  C summarizes  the  previous 
work  and  the  cot. elusions  formed  during  the  current  contract. 

Beyond  the  planned  contract  work  the  conventional  ICS  devices  were 
'■■xhiiined  for  radiation  hardness  using  RADC's  LINAC  accelerator  at  Hanscom 
Field.  One  version  of  the  ICS  device  which  had  a silicon  oxynitride 
insulator  was  exceptional  with  respect  to  its  radiation  hardness  being  able 
to  withstand  radiation  doses  of  the  order  of  10^  rads(Si)/s  without  loosing 
information  in  a memory  circuit.  A report  of  these  measurements  with  a pre- 
liminary interpretation  is  given  in  Appendix  D. 
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SECTION  2 


RAM  MEMORY  ARRAYS  WITH  RESISTIVE  ISOLATION 

A.  INITIAL  OPERATION  OF  RAM  CIRCUITS 

The  first  RAM  circuits  which  were  operated  using  small  numbers  of 
discrete  ICS  devices  were  simple  ground-emitter  and  grounded-base  circuits 
shown  in  Figs.  2 and  3.  Fabrication  of  2 X 2 and  3x3  element  arrays  using 
discrete  devicer  was  accomplished  and  the  arrays  operated  using  several  types 
of  ICS  devices.  Study  of  these  circuits  indicated  that  they  were  less  than 
ideal  because  unless  specially  selected  devices  were  used,  the  obvious  exten- 
sion of  the  circuit  to  N x N arrays  would  not  be  possible  for  N £ 10-20.  The 
problem  was  interaction  among  devices  in  the  same  row.  The  threshold  voltage 
of  i device  would  depend  slightly  upon  the  number  of  other  devices  in  the 
same  row  which  were  already  in  their  low  impedance  state.  As  the  number  of 
devices  in  their  low  impedance  state  increased,  the  threshold  voltage  of  the 
remaining  devices  would  decrease  and  eventually  fall  below  the  voltage  which 
must  be  supplied  to  the  devices  to  hold  information  in  the  array.  If  a suf- 
ficient number  of  devices  of  one  row  were  in  their  low  impedance  state  the 
circuit  would  require  all  remaining  devices  of  that  row  to  be  in  their  low 
impedance  state,  a situation  clearly  disastrous  for  memory  applications.  An 
improved  circuit,  which  offers  increased  isolation  along  rows  of  the  array, 
has  been  operated  and  permits  more  convenient  readout  of  information  without 
requiring  the  devices  to  be  in  a grounded-base  configuration  which  increases 
the  power  dissipation. 

B.  IMPROVED  MEMORY  ARRAY 


1.  Basic  Principles 


(a)  Relevant  two- tormina  1 device  properties.  Bistable  and  te- 
stable"* impedance  states  have  previously  been  described  in  metal/conductive 

% 

"im,ulnto.r"/p-n  junction  devices  when  voltage  is  applied  in  the  sense  which 
tends  to  forward  bias  the  p-n  Junction  and  deplete  the  semiconductor  surface 
id j cent  to  the  insulator.  figure  1 illustrates  the  basic  device  structure 
which  is  drawn  lor  the  more  Interesting  case  of  three-terminal  devices.  Hie 
multiple  impedance  states  an  explained  by  a model  of  inversion-controlled 
conduction"’ which  associates  the  existence  of  a high  impedance  state  with 
a deep  depletion  of  the  semiconductor  surface  and  a low  impedance  state  with 
an  , xi stance  of  an  inversion  layer  and  consequent  narrower  surface  depletion 
layer.  The  presence  of  an  Inversion  layer  permits  a higher  electric  field  t.o 
be  impressed  across  the  insulator  than  could  be  obtained  at  even  a higher 
voltage  across  the  entire  device  If  no  Inversion  layer  were  present."  Since 

cut  tent  injection  into  or  through  the  Insulator  is  a nonlinear  function  of 

1 2 

our I ace  « lectric.  field,  e.g.,  tunneling,  Schottky  or  Poole-Frenkel  injection, 

-ho  current  carried  when  an  inversion  layer  is  present  can  be  many  orders  ot 

o 

magnitude  greatot  when  an  inversion  layer  is  present." 

Fne  required  properties  of  the  insulator  ares  (l)  It  must  be  con- 
due*  ive  enough  to  permit  deep  depletion  of  the  semiconductor  if  large  concen- 
trations of  minority  carriers  of  the  semiconductor  surface  layer  are  not 
Injected  into  that  region,  and  (2)  Resistive  enought  to  permit  at  least  a 
partial  build  up  of  an  inversion  layer  if  the  adjacent  p-n  Junction  Is  strongly 
forward  biased.  ’ ^ 

(b)  three- terminal  device  properties.  The  RAM  circuit,  which  is 
the  subject  of  this  section,  depends  upon  the  more  interesting  properties  of 
three- terminal  devices  which  have  been  diagrammed  in  Fig.  1,  in  which  electrical 
correction  is  made  to  both  the  metal  and  to  the  both  sides  of  the  p-n  junction. 
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Hti'  "emitter,"  "base"  and  "collector"  regions  of  the  device  have  been  pre- 
viously defined;  these  terms  suggest  the  similar  functions  each  of  these 
regions  perform  compared  to  those  of  a conventional  bipolar  transistor. ^ 

It  is  iseful  to  define  certain  current  and  voltage  levels  of  two- 
terminal  devices.  Fhese  critical  currents  and  voltages  wiii  be  seen  to  be 
functions  of  the  biasing  of  three-terminal  devices  and  of  impedances  which 
ue  placed  between  the  emitter  and  base  terminals  of  transistor  structures, 
l'lie  threshold  voltage  V ^ is  the  highest  voltage  which  may  be  placed  on  the 
devices  in  its  high  impedance  state;  the  sustaining  current  lc  is  the  lowest 
curt  ent  for  which  the  low  impedance  is  stable;  the  sustaining  voltage  VL,  is 
the  voltage  across  the  device  when  the  current  through  the  device  is  equal  to 
lg.  these  critical  currents  and  voltages  are  defined  graphically  in  Fig.  4 
which,  ny  implication,  assumes  that  only  a high  and  low  impedance  state  of  trio 
device  is  obtained.  Many  devices  do  not  evidence  a third,  intermediate 
impedance  state,  and  even  for  those  devices  which  do  not  have  an  intermediate 
stale,  the  appropriate  ctioice  of  a low  value  of  collector  load  resistance  will 

h 

suppress  its  appear  ince,  a situation  which  is  also  beneficial  for  minimum  power 

consumption  for  memory  applications  as  will  be  described  below. 

Hie  values  of  V,^,  I,,  and  Vt  can  change  if  electrical  connection  is 

made  to  ail  tlir<  o terminals  of  the  device.  These  changes  are:  (l)  the 

3 

decrease  of  if  the  emitter  junction  forward  biased;  ’ (2)  an  increase  In 

if  a conductance  is  added  in  shunt  to  the  emitter  and  the  terminals;  and 
(3)  an  increase  in  Vc  for  certain  device  structures  if  a shunt  conductance  is 

O 

£> 

added  to  shunt  the  emitter  and  base  terminals."  The  observed  variation  in 

Vri],  l.,  ind  V are  all  consistent  with  the  inversion-controlled  conduction 
In  b S 

2 5 

model  of  device  behavior.  * These  properties  of  one  of  the  specific  devoe 
structures  which  have  been  used  in  the  RAM  array  are  illustrated  in  Figs.  f>  and  6. 


-8- 


vs  VTH 


COLLECTOR  VOLTAGE  7»-s2 

FIG.  4 Current-voltage  characteristics  of  ICS,  including  graphical  defini 
tions  of  threshold  voltage  V^,  sustaining  voltage  V and  sustain- 
ing current  I . 5 
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FIG.  5 Grounded  emitter  I-V  characteristics  of  Mo-Si02-n-p  ICS  with 
base  current  increased  in  5 p,A  steps. 
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G.  6 Circuit  used  to  obtain  three-terminal  I-V  data.  Switch  S is  open 
for  data  of  Fig.  S;  switch  S is  clos  -d  for  data  of  Fig.  7. 
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Figui e 5 presents  collector-emitter  current-voltage  (I-V)  characteristics 
(or  M/SiO^/n/p*  device  when  the  base  current  was  raised  in  increments  of 
b u, A , from  0 to  10  y,A.  Note  that  the  threshold  voltage  is  suppressed  from 
13,5  V to  4 V.  Figure  6 presents,  in  an  expanded  scale,  the  grounded-emitter 
output  characteristics  of  the  same  device  as  a function  of  the  resistance 
applied  between  the  base  ana  emitter  terminals.  The  grounded  emitter  output 
character! sties  of  the  same  device  as  a function  of  the  resistance  applied 
between  the  base  and  emitter  terminals.  The  circuit  used  to  obtain  these  data 
is  shown  in  Fig.  7.  Note  that  I ^ is  increased  by  more  than  a factor  of  ten 
from  less  than  0.2  mA  to  3.5  mA  and  that  is  increased  from  2.2  V to  4.4  V. 


2 . RAM  Circuit  Layout 

(he  circuit  of  Fig.  8 is  one  arrangement  drawn  for  a M/l/n/p  struc- 
tural variant  which  can  be  used  as  a static  random-access  memory  (RAM)  with 
NDRO.  The  particular  circuit-device  combination  described  is  not  optimized 
with  respect  to  power  consumption  nor  convenience  of  decoding,  but  does  per- 
mit a simplified  explanation  of  the  operation.  The  devices  operate  essen- 
tially in  a grounded-emitter  configuration  since  the  resistance  R„  placed 
between  emitter  rows  and  ground  is  the  lowest  impedance  level  of  the  circuit. 
Note,  however,  that  the  emitter  rows  are  mutually  isolated  from  each  other. 

Information  is  stored  as  a binary  1 if  the  device  is  in  its  luw 
impedance  state  ind  as  a binary  0 if  the  device  is  in  its  high  impedance  state. 
A br«'idboard  3 x 3 array  has  been  fabricated  and  tested  using  both  M/Si0o  A>/p4 

and  M/3i0  N /p/n*  discrete  devices  which  had  only  two  stable  impedance  states, 
x y 

An  arbitrary  pattern  of  l’s  and  0's  could  be  written  into  the  array  and  the 
information  stored  at  a selected  site  of  the  array  could  be  read  out  correctly. 


-11- 


3.  Operation  of  the  RAM  Circuit 

The  operations  of  writing  (changing  a selected  device  from  its  nigh 
to  )ow  impedance  state),  erasing  (changing  a selected  device  from  its  low  to 
high  impedance  state)  and  reading  (determining  in  which  state  a selected  loca- 
tion resides)  can  be  carried  out  by  procedures  which  follow  directly  from  the 
discussions  of  Sec.  2D1.  Throughout  the  discussion  of  how  these  operations 
can  be  performed,  it  will  be  assumed  that  the  quiescent  voltage  applied  to 
.ill  columns  of  the  array  is  sufficiently  large  to  hold  all  devices  in  their 
low  impedance  states  regardless  if  any  of  the  switches  S^,  or  are  closed. 
This  assumption  does  rot  result  in  the  minimum  holding  power  for  the  array 
but  greatly  simplifies  the  description  of  the  required  procedures. 

(a)  Vrite  operation.  A selected  device,  say,  the  one  in  the  itf1 
row  ind  j tfl  column,  can  be  transferred  from  its  high  to  its  low  impedance  state 
without  disturbing  the  rest  of  the  array  by  the  following  operation: 

(1)  A current  Iq  is  applied  to  the  base  row,  resulting  in 


a current  1,  to  each  device. 


. th 


(2)  the  voltage  applied  to  the  j column  is  raised  above 

V rH  ( Ifi  = a ^ other  column  voltages  for  k = j are  left  at 

V , = V . 

k q 

The  array  is  restored  to  its  holding  state  with  the  (i-j)th  device  now  in  the 
low  impedance  state,  by  undoing  the  above  operations: 


(3)  V.  is  reduced  back  to  , and 


. th 


(4)  The  current  I is  withdrawn  from  the  i row. 

It  is  convenient  and  would  consume  less  energy  to  write  either  an 
entire  row  or  an  entire  column  simultaneously  rather  than  writing  each  bit 
sequentially.  "I he  natural  word  organization  is  by  column  rather  than  by  row 
for  the  array  of  Fig.  8,  since  the  erase  and  read  operations  to  be  described 
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..re  more  conveniently  performed  by  column  than  by  row. 


(b)  l' rase  operation.  A selected  device,  say  thr  one  in  i^‘  row 
md  I*"1'  column,  can  be  transferred  from  its  low  to  its  high  impedance  state 
without  disturbing  the  rest  of  the  array  by  the  following  procedure: 

(1)  Close  switch  , leaving  all  other  switches  open. 

(2)  Reduce  the  supply  voltage  in  the  column  from 

to  i value  V.  such  that 
J 


vs(reb~ 


■)<MS<  Vs(R£b  - Rb) 


Fhe  array  is  restored  to  its  quiescent  state  (but  now  with  the 
(i-j)  n device  in  its  high  impedance  state)  by  undoing  the  above  operations: 

(3)  Vj  is  raised  to  , and 

(4)  is  reopened. 

To  erase  an  entire  column,  it  is  only  necessary  to  drop  the  voltage 
to  below  V( . A word  erase  is  attractive  since  actually  less  energy  is 
dissipated  on  ttv  array  during  the  word  erase  than  required  to  hold  informa- 
tion in  the  array. 

(c)  Read  operation.  It  is  possible  to  determine  the  impedance 
state  of  a selected  (say  the  i-jtfl)  device  by  the  following  procedure: 

(1)  Increase  the  voltage  on  the  row,  and 

(2)  Measure  variation  of  current  in  the  ith  ammeter. 

The  current  variation  in  the  ammeter  will  be  substantially  larger  (by  a 
factor  of  lO^-lO4,  depending  upon  voltage  pulse  duration)  if  the  i-jth  device 
is  in  its  low  impedance  state.  The  delay  encountered  at  the  device  itself 
should  bo  substantially  less  than  100  ps,  since  microwave  network  analyzer 
measurements  show  that  the  impedance  level  of  the  high  impedance  state  is 
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« 10‘  times  that,  of  the  low  impedance  state  up  to  at  least  10  GHz. 

It  is  llso  convenient  to  read  out  the  information  in  an  entire 
column  simultaneously  by  examining  the  output  of  all  ammeters  rather  than  ijst 
one.  No  more  power  need  be  dissipated  within  the  arr3y  to  accomplish  an 
entire  word  reading  than  is  required  to  read  a single  bit.  Neither  the  word 
nor  bit  readout  will  destroy  information  in  the  array. 

4 . Impedance  Levels  of  RAM  Circuit 

An  important  impedance  level  of  the  circuit  is  - V^/lg.  For  the 

particular  M/SiO?/n/p+  devices  studied  in  this  circuit  Vs  = 2 V and  Ig  = 500  pt A , 

thus,  Z = 4 x 10  Q.  (These  devices  were  examined  because  their  I_  is  oro- 

0 ° 

portioned  to  area;  the  particular  devices  had  an  active  collector  area  of 
1.3  x 10"4  cm2.  Thus,  siqnificantly  higher  values  of  ZQ  would  result  for 
smaller  area  devices.)  The  circuit  is  operated  with  resistances  RL  and  R0 
such  that  Rl/Zq  < 1 and  1^/Zq  « 1.  The  operation  of  the  circuit  is 
described  in  detail  below  for  the  particular  choices  of  Rg  = 100  Q, 

11^  = 120  Q,  and  < 3 G. 

Information  is  stored  on  the  array  by  applying  a holding  current 

[ fl  to  the  collector  of  every  device  which  is  in  its  binary  I state.  For 

c s 

f < 5,  vr  « V . The  power  P dissipated  in  each  memory  site  in  which  a 1 is 
stored  is  therefore 

P = fVS  + RL(fIS)2  + Vb2  ’ U) 

where  I is  the  base  current.  The  three  terms  of  Eq.  (l)  represent  the  power 

dissipated  in  the  active  device*  in  the  collector  load  resistance  R^  and  the 
basi  resistance  Rg*  respectively.  The  ratio  of  the  second  term  to  the  first 
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is  fR  /z^.  Since  reliable  operation  can  be  obtained  with  f as  2,  the  power 
dissipated  in  the  load  need  only  be  6%  of  that  dissipated  in  the  active 
device.  lhe  power  consumption  in  the  base  resistance  is  completely  neqligible 
since  'V  l/lO.  For  the  devices  used  P as  2 mW;  for  similar  devices  which 

-7 

have  a collector  area  of  1.6  x 10  , an  easily  obtainable  size  with  conven- 

tional technology,  one  would  expect  a holding  power  requirement  of  only 
2.6  uW  per  memory  site.  For  other  devices  with  smaller  sustaining  current 
densities  and  sustaining  voltages,  small  area  devices  can  be  expected  to  require 
i power  input  of  less  than  1 p,W  per  bit. 

5.  Static  Isolation  of  Memory  Elements 

The  presence  of  the  base  resistance  Rg  is,  by  itself,  not  generally 
sufficient  to  ensure  adequate  isolation  of  the  memory  elements  in  the  array 
in  order  to  guar  intee  proper  operation.  While  increasing  the  value  of  R will 

D 

improve  isolation  among  the  individual  devices,  such  a procedure  has  limited 
utility  since  (without  a major  revision  of  the  circuit)  this  will  impose  a 
lower  limit  on  the  emitter-case  resistnace  if  the  switches  S.  are  closed. 

l 

This  will  be  seen  to  be  a hindrance  to  performing  the  "ERASE"  operation  as 
described  above.  The  addition  of  the  diode  D,  connected  between  the  base 
rows  ani  ground,  together  with  the  base  resistance  Rg,  provide  adequate  iso- 
lati on. 

The  inclusion  of  the  diodes  has  several  consequences.  The  major 

effect  on  an  individual  device  is  to  raise  its  threshold  voltage  which  would 

be  expected  for  any  finite  conductance  between  emitter  and  base,  as  described 

in  Sec.  2B1.  To  ensure  good  performance  for  the  array,  an  emperical  rule  has 

been  evolved  which  approximately  relates  the  threshold  voltage  with  diode 

present  Vp,  to  the  "infinite  impedance"  threshold  voltage  V^,  and  the  "zero 

impedance"  threshold  voltage  Vn: 

u 
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(2) 


VD  ~/V THV0 

Without  the  diodes  in  the  circuit,  the  threshold  voltage  of  a given  device 
would  be  reduced  additively  for  every  other  device  in  the  same  row  which  is 
already  in  its  low  impedance  state. 

On  the  other  hand,  the  inclusions  of  the  diodes  significantly 
reduce  the  effect  of  low  impedance  devices  on  the  threshold  voltages  of  other 
devices  in  the  same  row.  The  presence  of  the  diode  prohibits  the  potential 
of  the  base  row  from  being  lowered  more  than  approximately  0.5  V with  respect 
to  ground,  no  matter  how  many  other  devices  are  conducting.  The  addition  of 
the  emitter  resistance  R^  causes  the  emitter  potential  to  be  brought  even 
closer  to  that  of  the  bases  and  further  reduces  the  change  in  of  devices 
which  are  not  in  their  low  impedance  state.  By  proper  choice  of  the  area  of 
the  diode  and  R the  value  of  V_u  can  be  made  essentially  independent  of  the 
number  of  other  devices  in  the  row  which  are  already  in  their  low  impedance 
state.  Figure  9 shows  the  I-V  characteristics  of  one  device  in  a row  of  five 
devices,  of  the  same  type  used  in  the  3x3  array.  The  circuit  shown  in 
Fig.  10  was  used  to  obtain  these  data  with  no  applied  base  current.  Note 
that  the  threshold  voltage  of  the  devices  changes  less  than  10%,  independent 
of  th  number  of  other  devices  (0,  1,  2,  3,  4)  which  are  already  in  their  low 
impedance  state,  and  that  after  at  least  one  other  device  in  the  row  is  con- 
ducting, further  changes  in  the  selected  device's  threshold  voltage  are 
very  small. 

6.  Dynamic  Isolation  of  Devices  Within  a Row 

The  presence  of  the  diodes  D is  important  for  this  operation.  Figure  11 
shows  the  threshold  voltage  of  the  device  in  a five-element  row  of  devices 
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78-57 


FIG.  9 I-V  characteristic  of  device  in  row  with  four  other  devices  with 
zero  base  current  applied.  Offset  curves  are  for  0,  1,  2,  3 and 
4 other  devices  in  low  impedance  state.  (lop  trace  is  for  no 
device  in  low  impedance  state.  ) 


FIG.  10  Circuit  used  to  determine  I-V  characteristics  of  a single  device 
in  a five-element  row. 
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when  a base  current  is  applied  to  the  base  row  circuit  and  when  0,  1,  2,  3 and 
4 other  devices  are  in  their  low  impedance  state.  l'he  circuit  of  rip,.  i>  was  again 
used  to  obtain  these  data  but  now  with  a base,  current  applied.  Note  that 
the  threshold  voltage  is  significantly  lowei  than  those  shown  in  Fig.  9 when 
no  base  current  was  applied.  Furthermore , there  is  a negligible  variation 
in  threshold  voltage  as  the  number  of  other  devices  in  t tie  row  are  switched 
into  their  low  impedance  state.  Without  the  presence  of  the  diode  this 
dynamic  isolation  would  not  be  obtained  in  such  a simple  circuit. 


?00  u A 

T 


Vc(0SV/DIVI »• 

Ml  S« 


FIG.  11 


I-V  character i st i > ot  device  in  row  of  t i ve  devices 
applied  to  base  row.  Offset  curves  are  for  0,  1,  2, 
other  devices  in  low  impedance  state.  (Fop  trace  is 
trace  for  4 low  ispedanci  state  devices.) 
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SECTION  3 

RAM  CIRCUITS  WITH  DIODE  ISOLATION 

A.  FURTHER  ANALYSIS  OF  UNWANTED  INTERACTION 


Tlie  Interaction  between  devices  in  the  same  row  is  caused  by  cur- 
rents 1 which  enter  the  base  terminals  of  low  impedance  state  devices, 
is  shown  in  Fiq.  12.  These  currents  ire  in  the  opposite  direction  to  those 
used  to  perform  the  WRITE  operation,  and  in  the  opposite  sense  to  conven- 
tional bipolar  transistor  base  current.  If  these  currents  are  largely  sup- 
plied by  currents  I^(  which  flow  through  base  terminals  of  other  devices 
in  the  same  row  which  are  in  their  high  impedance  state,  then  these  hiqh- 
impedance-sta te  ievices  receive  a forward  bias  to  their  emitter-base  junc- 
tions. Note  that  the  base  current  imposed  on  devices  in  their  high 
impedance  state  is  in  the  conventional  sense  for  reducing  threshold.  The 
tendency  for  devices  in  their  low  impedance  state  to  lower  the  threshold 
voltage  of  devices  in  the  same  row  which  are  in  their  high  impedance  state 
is  therefore  explained. 

The  utility  of  the  row  shunt  diode  of  Fig.  8 is  also  explained  by 
t.hos>'  considerations.  The  forward  conductance  of  the  diode  is  so  low  that 
no  significant,  current  is  drawn  from  the  base  terminals  of  any  high- 
impedance-state  devices.  This  situation,  according  to  the  terminology  of 
Fig.  12,  require- 


t w'l  , 

D BL 


| 


Several  experimental  relationships  between  the  various  currents 
ind  voltage  dtops  across  an  ICS  device  are  presented  to  quantify  the  above 
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explanation.  First,  the  critical  voltage  (V,,,)  . , across  the  emitter-base 

terminals  of  an  ICS  at  threshold  is  essentially  independent  of  external 
#mltt,er-bar>e  shunt  conductance.  This  fact  enables  the  calculation  of  total 
current  which  must  be  supplied  to  the  parallel  combination  of  emitter-base 
terminals  and  external  shunt  conductance  in  order  to  initiate  a transition 
from  the  high  to  low  impedance  states.  The  data  of  Fig.  13  were  obtained 
from  a molybdenum-SiCL-n-p^  discrete  device  of  the  type  planned  to  be  used 
in  the  integrated  circuit. 

Figures  14  and  15  present  the  threshold  voltage  V'  as  a function 
oi  the  current  drawn  from  the  base  terminal  of  the  device  when  it  is 
shunted  by  an  external  impedance.  The  data  of  these  figures  is  not  explicitly 
derivable  from  the  data  of  Fig.  13  because  the  threshold  voltage  at  zero 
applied  base  current  is  raised  because  of  any  external  shunt  conductance  as 
described  in  detail  in  Appendix  B.  It  is  clear,  as  expected,  that  any 
finite  shunt  conductance  will  force  a larger  supply  current  to  suppress  the 
device's  threshold  voltage  to  a given  value.  It  is  also  clear  that  a shunt 
diode  will  raise  V^(Ig  = 0),  a smaller  amount  than  for  any  "interesting" 
value  of  since  the  desired  values  of  fig  for  these  devices  are  in  the  range 
from  50-350  Q.  Ibis  observation  is  the  first  reason  for  preferring  a diode 
shunt  to  a resistance  in  order  to  achieve  isolation  of  individual  base 
terminals  in  the  memory  array. 

The  behavior  of  base  current  when  the  device  is  its  low  impedance 
state  Is  shown  in  Fig.  16.  Note  that  in  this  figure  a negative  value  of  1^ 
implies  that  the  base  current  enters  the  device  and  thus  tends  to  increase 
the  magnitude  of  the  collector  current.  It  is  this  phenomenon  which  is 
responsible  for  the  interaction  between  low-impedance-state  and  high- 
impi dance-state  devices  within  the  same  row  in  the  memory  array.  Larger 
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FIG.  13  Critical  emitter-base  potential  when  device  is  biased  to  = V.^ 
in  high  impedance  state  as  a function  of  for  various  emitter- 
base  shunt  impedances. 
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SUPPLY  CURRENT  (*jA> 


1-  tG.  14  IYire  .hold  voltage  V.^  as  a function  of  current  drawn  from  base 
terminal  when  emitter-base  terminals  are  shunted  by  various 
external  impedances. 


EMITTER -VASE  VOLTAGE  (mV) 


HUM 


FIG.  16  Base  current  a function  of  emitter-collector  potential  for  device 
in  its  low  impedance  state  for  various  values  of  collector  current 
and  emitter-base  shunt  impedances.  Note  that  base  current  can 
enter  device  at  low  values  of  \l^. 


values  of  collector  current  will  cause  a larger  value  of  base  current  to  be 
drawn  into  tne  device  when  the  emitter-base  voltage  is  low.  At  higher  values 
of  emitter-base  voltage,  the  base  current  which  is  drawn  out  of  the  device 
becomes  relativi  ly  independent  of  circuit  configuration  and  collector  current. 

D.  ANALYSIS  OF  ARRAY  WITH  DIODE  ISOLATION 

The  al ove  discussion  has  pointed  out  the  reasons  for  the  interaction 
between  devices  within  a single  base  row  of  the  memory  array  and  indicated, 
so  far,  one  slight  advantage  for  the  use  of  diode  isolation.  There  is  a more 
fundamental  re  a .on  for  preferring  the  diode  isolation  rather  than  the 
resistance  isolation  of  bases  with  a memory  array  row.  The  array  circuit 
which  is  the  sul ject  of  this  section  is  shown  in  Fig.  17  for  a 2 y 2 grounded 
emitter  array. 

The  most  important  advantage  of  this  array  circuit  is  readily 
apparent  from  examining  Fig.  17.  No  device  in  its  low  impedance  state  can 
draw  current  into  its  base  region  because  this  would  reverse  bias  the  diode. 
The  fundamental  reason  for  interaction  between  high-impedance-state  devices 
and  low-impedance-state  devices  with  a single  row  is  therefore  absolutely 
prohibited  for  such  a circuit.  Experimental  operation  of  such  an  array  cir- 
cuit confirms  that  the  interaction  is  absolutely  prohibited  without  requir- 
ing a low  internal  impedance  of  the  base  current  supply  or,  equivalently,  a 
shunt  diode  across  each  emitter-base  row.  Another  advantage  of  the  array 
circuit  of  Fig.  17  compared  to  the  circuit  of  Fig.  8 is  related  specifically 
to  the  fabrication  of  integrated  circuits.  Junction  diodes  are  more  easily 
fabricated  than  resistors  in  integrated  circuits. 

There  are  two  minor  disadvantages  to  the  array  of  Fig.  17  compared 
to  the  array  of  Fig.  8.  One  is  a requirement  for  higher  power  to  perform 
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trio  WRITE  operation.  In  order  to  bring  a device  into  the  low  impedance  state 
by  a double  half-select  collector  column  voltage  increment  and  base  row  cur- 
rout  increment,  about  twice  the  power  must  be  applied  to  the  base  row.  This 
is  because  the  diode  D must  be  brought  to  a bias  of  the  order  of  0.5  V, 

whereas  the  voltige  drop  across  the  R£B  of  the  circuit  of  Fig.  8 is  only  the 

_2 

order  of  10  V.  In  both  cases,  of  course,  the  emitter  junction  must  be 
raised  of  the  order  of  0.3  - 0.5  V. 

The  other  disadvantage  involves  the  ERASE  operation.  The  minimum 
resistance  between  a base  terminal  and  emitter  row  cannot  be  brought  to  a 
very  low  value  in  order  to  perform  a single  element  transfer  to  the  high 
impedance  otate.  The  ERASE  operation  can  be  performed  by  other  means,  how- 
ever. One  possible  operation  is  the  erasure  of  an  entire  column  and  the  sub- 
sequent rewriting  of  all  devices  originally  in  their  low  impedance  state 
except  for  the  single  row  in  which  that  device  residue  which  one  desires 
to  ERASE.  Such  operations  are  conveniently  performed  in  standard  memory 
chips  and  would  permit  the  circuit  to  appear  functionally  identical  to  the 
circuit  of  Fig.  8.  Another  method  of  performing  the  ERASE  operation  is  by 
applying  base  current  to  all  but  the  selected  row  which  has  devices  in  the 
selected  column  in  their  low  impedance  state  and  simultaneously  lowering  the 
column’s  collector  supply  voltage.  Although  this  latter  operation  does  per- 
mit a single  bit  ERASURE,  it  requires  that  the  information  on  the 
selected  column  be  read  out  and  stored  so  that  its  advantage  over  the  pre- 
vious column  ERASE  and  reWRITE  is  not  significant.  The  circuit  of  Fig.  17 
does  permit  convenient,  word  (column)  operation  and  for  many  applications, 
is,  in  fact,  desirable. 
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. DESIGN  OF  INTEGRATED  MEMORY  ARRAY 

An  integrated  memory  array  was  designed  accordinq  to  the  circuit 
diaqram  of  Fiq.  17.  The  circuit  was  designed  with  the  following  general 
considerations : 

(1)  Since  the  time  and  funds  available  would  permit  only 
about  six  wafers  to  be  processed,  no  process  steps  could  be  included 
which  did  not  seem  simple. 

(2)  For  similar  reasons,  no  fine  line  design  rules  would  be 
considered,  and 

(3)  No  on-chip  decoding  and  address  circuitry  would  be 
included  since  there  was  no  time  available  to  troubleshoot  an 
integrated  circuit  which  could  perform  these  functions. 

For  these  reasons,  no  attempt  was  made  to  use  dielectric  isolation  of  devices 
even  though  preliminary  experiments  showed  that  lower  sustaining  currents 
could  be  obtained  if  the  processing  was  precisely  performed.  Thus  junction 
isolation  was  used  throughout.  The  general  circuit  design  considerations 
whih  were  followed  included: 

(1)  Buried  layer  emitter  rows.  This  avoided  uncertainties 

in  design  of  crossover  insulators  which,  however,  should  ultimately 
of Ter  much  improved  performance. 

(2)  Base  row  underpassings  (under  metal  collector  columns) 
were  produced  by  n ^ diffusions  or  implantations. 

(3)  Collector  load  resistors  were  produced  over  the  exact 
active  area  of  the  collector  by  deposition  of  amorphous  germanium 
of  the  required  resistivity.  While  this  conserved  area  on  the  cir- 
cuit it  did  force  us  to  use  the  least  studied  of  the  procedures 
required  for  the  fabrication. 
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(4)  Molybdenum-gold  metallization  was  exclusively  chosen. 

Hus  permitted  a direct  transation  of  the  collector  metallization 
used  most  extensively  in  discrete  devices. 

D.  FABRICATION  OF  INTEGRATED  ARRAY 

The  major  fabrication  problem  encountered  in  the  fabrication  studies 
were  not  related  to  the  ICS  device  per  se,  hut  arose  from  the  lack  of  avail- 
ability of  clean  rooms.  Except  for  photoresist  application,  all  operations 
including  diffusions,  evaporations  or  sputterings,  and  etchings  were  not  per- 
formed in  a clean  environment. 

The  second  major  problem  encountered  was  probably  material  related 
but  could  also  have  been  aggravated  by  the  lack  of  clean  facilities  to  per- 
form diffusions.  This  problem  was  the  "spiking"  of  the  nested  n"*  diffusion 
through  previously  performed  p+  diffusions.  The  p+  diffusions  were  much 
deeper  (~  4 u ) than  the  depth  (~  1 u)  of  the  n*  diffusions  performed  in 
other  starting  materials.  Both  diffusions  performed  separately  on  different 
materials  produced  junctions  with  excellent  reverse  bias  characteristics. 

The  "spiking"  of  the  n*  diffusions  ruined  isolation  of  the  devices.  This 
was  circumvented  only  by  producing  the  n+  regions  by  ion  implantation  and 
inneuling  at  temperatures  below  830°C.  Higher  annealing  temperatures  again 
caused  shorts.  This  was  a major  complication  to  the  process,  since  we 
did  not  have  time  to  reorder  masks.  Only  a thin  isolation  oxide  was  grown 
over  the  n regions,  whereas  the  masks  we  designed  under  the  assumption 
thi'  more  than  2000  \ of  thermal  oxide  would  be  grown  during  the  phosphorus 
drive-in  diffusion.  Deposited  Si0o  layers  were  therefore  sometimes  used  in 
addition  to  the  oxide  grown  at  830°C. 
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All  yield  problems  were  traced  to  this  spiking  or  the  use  of  a 
deposited  5i0o  liyer.  No  failure  of  the  ICS  structures  Lhemselves  were 
observed  in  those  fabrications. 

The  major  problem  anticipated  in  the  fabrication  of  integrates 
versions  of  the  ICS  was  a perimeter  dependent  current  which  could  greatly 
increase  the  sustaining  current.  The  perimeter-dependent  current  had  been 
observed  to  be  greatly  increased  if  collector  metallization  covered  the  edge 
of  the  active  collector  area  which  was  surrounded  by  a thick  insulating  oxide 
The  only  reasonable  way  to  prepare  the  thin  (=»  30  \)  active  o ide  was  to  etch 
away  the  thicker  oxide  window  and  regrov  tat  550-700°C)  the  conducting  oxide. 

The  structure  produced  by  conventional  processing  and  shown  in 
Fig.  18(a)  often  resulted  in  high  sustaining  currents.  Removal  of  the 
metallizations  at  the  edges  of  the  active  collector  area  produced  the  struc- 
ture' shown  in  Fig.  18(b)  which  had  a small  sustaining  current  and  which  only 
rarely  had  a perimeter  sensitivity.  The  structure  of  Fig.  18(b)  is,  how- 
ever, not  suitable  for  integrated  circuits. 

A tevice  whos  cross  section  is  essentially  the  same  as  that  of 
Fig.  18(a)  was  successfully  produced  by  special  processing.  The  important 
step  is  to  remove  the  photoresist  which  patterns  the  window  used  to  define 
the  active  collector  by  dry  oxygen  plasma  stripping.  While  this  should 
obviously  permit  a more  uniform  removal  of  the  photoresist  and  therefore 
a more  uniform  growth  of  the  thin  oxide,  the  effect  of  plasma-stripping  is 
more  subtle. 

Silicon  wafers  which  have  only  6-8  \ of  nascent  oxide  on  their  sur- 
face after  removal  from  a buffered  HF  solution,  will  emerge  from  the 
oxygen  plasma  with  15-30  \ of  oxide.  This  oxide  hat  been  used  as  the  active 
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FIG.  18  Cross  sectional  views  of  discrete  ICS  device. 

(a)  Collector  metallization  covering  window  etch.  Perimeter- 
dependent  current  is  commonly  observed. 

(b)  Collector  metallization  removed  from  edge  of  active  collector. 
Perimeter-dependent  current  not  usually  observed. 
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conducting  insulator  of  ICS  devices  which  have  very  attractive  I-V  charac- 
teristics, including  the  property  of  not  having  perimeter-dependent  currents. 
Unfortunately,  the  oxide  produced  by  the  plasma  is  not  the  same  from  run  to 
run  with  regard  to  surface  states  so  that  the  magnitude  of  the  sustaining 
current  is  not  predictable. 

The  plasma-produced  oxide  is  not  completely  removable  in  buffered 
HI- . 15-20  \ remain  even  after  prolonged  etching.  It  was  found  that  if  this 

15-20  A.  of  plasma-produced  SiO^  was  annealed  and  grown  to  30-35  A thickness 
in  dry  0^  at  700°C,  then  an  excellent  thin  insulator  structure  was  produced. 
Low  sustaining  current  densities  and  perimeter -independent  current  were  con- 
sistently produced. 

This  procedure  was  used  in  the  fabrication  of  all  the  integrated 
circuits.  The  procedure,  while  not  unusual  or  unrelated  to  other  integrated 
circuit  processes,  must  be  followed  to  avoid  difficulties  in  proceeding  with 
the  ICS  portions  of  the  integrated  array. 

E.  LAYOUT  OF  THE  INTEGRATED  ARRAY 

The  seven  photoresist  masks  used  to  produce  the  integrated  array 

art'  shown  in  Fig.  19a-g.  Figure  19a  is  a diagram  of  the  buried  emitter  rows. 

!he  buried  layers  were  grown  on  an  n-typ<-  (ill)  silicon  wafer  and  an  8 y,m 
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thick  n-typo  epitaxial  layer  with  doping  density  equal  to  5 x 10  cm  was 
grown  on  top  of  the  p+  diffusions  produced  by  masking,  using  the  pattern  of 
Fig.  19a. 

Figure  19b  is  the  mask  used  to  pattern  a deep  boron  diffusion  which 
is  driven  deep  enouah  to  contact  the  buried  layer  (if  the  buried  layers  are 
underneath  this  pattern).  The  function  of  this  diffusion  is  threefold: 

(l)  Ohmic  contact  to  the  buried  layers}  (2)  Isolation  of  base  regions  of 
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FIG.  19  Photoresist  mask  patterns  used  for  fabricating 
memory  array. 

(a)  Buried  p layer;  (b)  Boron  diffusion;  (c) 
diffusion;  (d)  Active  collector  definition;  (e 
metallization  and  load  resistor  definition;  (f) 
definition;  (g)  Final  metallization. 
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t.hr>  individual  devices;  and  (3)  Provision  for  the  p-type  region  of  the  base 
isolation  diodes. 

The  third  pattern  is  used  to  define  a phosphorus  diffusion  or 
Lmpl.intnt  i on  tnd  is  shown  in  Fig.  19c.  The  function  of  this  diffusion  is 
to  provide  i low  resistance  underpass  to  the  collector  lines,  to  provide  a 
low  resistance  contact  to  each  ICS  device's  base  region,  and  to  provide  the 
n-type  reqion  of  the  base  isolation  diodes. 

The  fourth  mask  shown  in  Fig.  19d  is  used  to  define  the  active 
collctox  region  using  the  HF  etch-plasma  strip  (oxidation)-HF  etch  and 
thermal  oxidation  procedure  described  in  the  previous  section.  The  fifth 
mask  shown  in  Fig.  19c.  is  used  to  pattern  the  germanium  collector  resistor 
and  covering  metallization  which  are  applied  immediately  after  comoleting  the 
production  of  th.  active  conducting  collector  insulator.  The  sixth  mask 
shown  in  Fig.  19f  opens  windows  in  the  thick  Si02  insulator  grown  in  pre- 
vious diffusion  steps  to  permit  the  final  metallization  mask  patterned  by 
Fiq.  19g  to  contact  the  emitter  regions,  and  base  row  interconnections. 

The  times  alloted  for  diffusion  devices  and,  in  some  cases,  cross 
diffusion  of  the  buried  layer  before  the  first  boron  predepositions  are 
chosen  so  that  the  distance  from  surface  to  the  buried  emitter  junction  is 
2-3  um.  Cross  sectional  views  of  several  parts  of  the  structure  are  shown 
in  Fiq.  20. 

F.  FABRICATION  AND  PERFORMANCE  OF  THE  INTEGRATED  CRICU1TS 

Six  wafers  were  processed:  the  results  of  these  tests  are  listed 
in  Table  2.  A photomicrograph  of  a complete  circuit  is  shown  in  Fig.  21. 
lYie  circuits  of  wafer  6 worked  as  expected.  Note  that  the  problems 
encountered  were  not  due  to  ICS  structure  per  se,  but  involved  only  those 
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stppc  which,  if  performed  in  a clean  environment  with  better  quality  material, 
could  be  expected  to  be  performed  with  extremely  high  reproducibility. 


Table 

2. 

Wafei  Number 

Yield 

Problem 

Phosphorus  diffusion 

'5 

°i 

spiking. 

-t 

~ 10% 

First  n+  implantation: 
isolation  oxide  breakdown. 

~ 25% 

Mistake  in  photoresist 
removal  of  etched  metal 
lines. 

fa 

l 

1 — • 

Rework  of  5;  contact 
resistance  increased 

0 

o 

0 

*H 

1 

- 

Typical  output  characteristics  of  a single  isolated  device  on  the 
are  shown  in  Fig.  22.  The  voltage  represents  the  sum  of  the  voltage  drop 
across  the  emitter-collector  terminals  and  the  germanium  collector  load 
resistance.  The  applied  base  current  is,  of  course,  divided  between  two 
devices  of  the  array  along  a row.  The  sustaining  current  density  is  less 
than  100  (j,A.  If  the  integrated  devices  had  the  same  sustaining  current 
density  as  the  discrete  devices  on  which  they  were  modeled,  then  the  sus- 
taining current  should  have  been  25-30  y,A.  As  noted  above,  complete  trouble- 
shooting of  the  processing  of  small  area  collectors  was  not  worked  out 
before  integration  fabrication  had  begun.  The  higher  holding  power  density 
requirement  was  the  only  way  in  which  the  integrated  devices  fell  short 
of  performance  expectation. 
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FIG.  21  Photomicroi.il apn  of  completed  2 x ' memory  array  circuit 
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SECTION  4 


PROJECTED  PERFORMANCE  OF  ICS  MEMORY  ARRAYS 

A.  LAYOUT  OF  PROPOSED  INTEGRATED  CIRCUIT 

Although  it  is  not  possible  to  definitively  project  yields  and  per- 
formance of  chips  which  have  never  been  fabricated,  modest  extrapolations  are 
possible  from  the  work  which  has  already  been  accomplished.  The  projection 
will  be  based  as  completely  as  possible  on  experimental  results.  Thus,  for 
example,  a proposed  array  will  be  integrated  using  junction  isolation  rather 
than  the  ultimately  more  promising  dielectric  isolation  since  junction  iso- 
lation has  been  used  to  fabricate  the  only  arrays  built  to  date.  The  pro- 
jection will  assume  that  the  best  performance1  obtained  from  discrete  devices 
with  regard  to  sustaining  current  density  and  voltage,  etc.  will  also  be 
obtained  from  integrated  devices  if  time  is  available  to  develop  the  proper 
processing  steps. 

The  proposed  layout  of  a single  memory  cell  is  shown  in  Fig.  23.  For 
the  sake  of  clarity,  the  buried  p layer  which  runs  below  most  of  the  upper  p dif- 
fusion (including,  of  course,  underneath  the  active  device  area)  is  not  shown. 
This  circuit  is  substantially  the  same  as  the  already  fabricated  integrated 
cells  with  two  major  differences.  Smaller  size  is  assumed  and  a two-layer 
metallization  is  chosen  to  reduce  resistances  of  emitter  lines  and  base  line 

underpasses.  The  layout  was  derived  according  to  the  following  rules: 

(1)  Minimum  metal  line  width:  4 y,m . 

(2)  Minimum  spacing  on  a single  mask:  3 jj,m. 

(3)  Minimum  window  dimensions:  4 um  x 4 y,m. 

(4)  Minimum  distance  between  edges  of  sequentially  per- 
formed diffusions:  4 y,m. 
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FIG.  ,?3  Layout  of  proposed  small  area  ICS  memory  cell 


(5)  Alignment  error  in  sequential  maskings:  + 2 y,m. 

The  collector  load  resistance  for  each  device  is  assumed  to  be 


pi  u ed  directly  over  the  active  collector  as  was  done  in  the  2x2  arrays 
which  have  been  described  earlier.  This  resistor  material  is  placed  under 
the  broadened  area  of  the  collector  line  which  covers  the  active  collector. 

It  is  not  specifically  shown  in  Fig.  23  in  order  not  to  cause  unnecessary 
complications  ii  a single  color  diagram. 

The  insulator  material  which  might  be  placed  between  the  two 
metallization  layers  could  be  deposited  glass  or  sputtered  SiC^.  Properly 
sputtered  Si02  of  0.1  - 0.2  ^m  thickness  has  yielded  no  shorts  on  two 
wafers  of  2 X 2 integrated  arrays.  (The  sputtered  SiO^  was  used  in  these 
wafers  as  an  insulator  between  metal  and  silicon,  necessitated  only  because 
of  a phosphorus  implantation  and  low  temperature  anneal,  which  prohibited 
growth  of  a thick  thermal  oxide.) 

A 16K  bit  memory  array  will  be  assumed.  The  repeat  distance  between 
memory  cells  is  36  u,m  according  to  Fig.  23.  Taking  the  resistivity  p of  the 
metal  line  to  3 X 10  ^ O-cm,  the  thickness  t of  the  line  equal  to  0.5  ^m 
it  is  possible  to  calculate  the  resitance  of  the  line  as 
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wnero  £ is  the  required  line  length  which  is  equal  to  128  (3.6  x 10  )cm  = 0.461  cm. 
and  w is  the  line  width  = 4 pm.  Therefore, 


R = (3  X 10"6 ) (0 .46  ) 

(4  X 10"4)(5  X 10"5) 


70  n . 
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Tr.t?  capacitance  C of  these  lines  may  be  approximated  as 


iO, 


) Wa 


c. 


(2) 


where  h is  the  l eight  of  line  above  the  silicon  (equal  to  the  thickness 
of  the  SiCb,  insulator).  Taking  h = 5 x 10  cm  as  an  average  value  along 
the  line 

(.3  x 10~12  F/cm)  (4  x IQ"4  cm)  (.461  cm) 

(5  x 10  ^ cm) 


or  » 1 pF. 

B.  ARRAY  DELAY  TIMES 

1.  Delay  Required  to  Bring  Word  Line  up  in  Voltage 

The  resistance  and  capacitance  of  the  line  R^  and  are,  of 
course  distributed.  We  assume  for  simplicity  the  circuit  shown  in  Fig.  24 
is  applicable.  This  circuit  requires  the  full  line  to  be  charged  before 
any  of  the  devices  are  raised  in  voltage,  and  therefore  represents  the 
worst  case  for  the  time  interval  required  to  charge  any  single  device. 

The  time  required  to  charge  an  individual  device  after  the  word  line  has  been 
brought  up  in  voltaqe  will  be  approximately  R^,  where  Rj  is  the  load 
resistance  and  is  the  device  capacitance.  The  capacitance  of  an  individual 
dtvice  is  determined  by  collector  area  for  both  high  and  low  impedance  states. 
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For  discrete  devices  whose  area  is  1.25  x 10  cm  , the  measured  capacitances 

are  C ~ 1.0  pl;  and  C is  less  than  5 pF  at  currents  required  for  holding 
°L  L 

information  in  ine  array  and  increased  to  about  10  pF  during  the  reid  opera 
tion.  The  area  of  the  active  collector  of  the  devices  of  Fig.  23  is 

_q  o 

1.6  v 10  cm  . Therefore,  we  expect 

-4 

Cn  6.4  x 10  pF 
H 

-3 

CD  < 1.3  x 10  pF 
L 

The  time  required  to  charge  an  individual  device  after  the  line  has  been 

charged  is  therefore  R.C  = (120  n)(l0  pF)  = 1.2  ns  for  discrete-array 

**  H 

devices.  The  same  product  will  hold  for  smaller  area  devices.’  This  assumes 

the  worst  case  of  CD  = CQ  and,  furthermore,  that  we  do  not  choose  to  take 

advantage  of  "leading"  the  initially  high  transient  current  of  a low  impedance 

state  device  (C  /C  =«  10,  so  that  the  "instantaneous"  current  which  flows 
°L  °H 

after  the  line  has  been  charged  could  serve  to  "read"  the  device).  The  time 
required  for  the  response  of  the  device  to  represent  conduction  current  as 
distinguished  from  displacement  current  will  be  given  by  R^C^  ~ (10  0)(10  pF) 
» 0. 1 ns. 

The  time  required  to  charge  an  individual  device  will  be  less  than 
R.C.+  R C , which  is  0.17  ns,  if  the  voltage  driving  source  has  no  internal 
impedance.  If,  however,  the  addressing  circuitry  is  not  a perfect  voltage 
source  (it  has  some  internal  impedance)  then  the  time  required  to  bring  an 
individual  device  to  its  final  current  carrying  state  can  be  longer.  Let  us 
assume  the  opposite  case,  that  the  address  circuit  output  is  a bipolar 
transistor  which  acts  as  a current  source. 
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The  current  output  capability  of  such  a word  address  amplifier 
will  bo  chosen  to  bo  equal  to  a bipolar  transistor  whose  collector  area  is 


«»  10  ' cm  , whith  is  a much  larger  area  than  the  individual  devices  but  not 
as  > worst,  case.  We  assume  that  the  nddress  circuit  must  charge  the  total 
capacitance  of  the  line  which  is  denoted  by  C.j..  We  also  define  the  follow- 
ing symbols  as 


Nj  * number  of  devices  in  line  in  low  impedance  state 
* number  of  devices  in  line  in  high  impedance  state 
N » Nl  ♦ N()  * 128 
It  follows  that 


C... 


C.  4 


Vu 


4 N,  C, 


D, 


For  the  worst  case  (N^  ■ N), 


(4) 


Cj.  [ 1 t ( 128) ( 1 . 3 x 10*3)1  pF 
or 


CT  ?.6  pF  . 


Hie  address  driver  with  the  assumed  area  can  easily  deliver  1 mA 
of  current.  The  time  required  At  to  raise  the  potential  of  a device  by  0.1  V 
(a  typical  value  used  In  the  discrete  array  and  in  the  2x2  Integrated 
arrays)  will  be  therefore  given  by 

CT  ( 0 • 5 ) 

At.  - (b) 


where  l Is  the  maximum  current  which  can  be  supplied  by  the  address  driver. 
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Taking  I = 1 mA,  ns  shown  previously, 


„t  , P-*  ^ 10~UKa,Al  . 0.26  ns 
io-3 

which  is  i comfortably  small  time  interval. 

2 . Totil  Head  Access  Time 

The  total  read  access  time  1 A is  given  by 

a = a . T 1 . t At  l 1 

A decoder  drive  o 

where  ot  = time  required  to  raise  an  individual  device’s  voltage  as  cal- 
culated above  and  -i  is  the  time  required  to  turn  on  a sense  amplifier. 

We  estimate  i e by  assuming  that  the  sense  amplifier  is  a bipolar 

O 

transistor  formed  along  with  the  ICS  devices  in  the  same  processing.  The 
major  contribution  to  1 s is  expected  to  be  the  base  capacitance  Cg  which 
must  be  charged  through  the  output  line  R£.  We  estimate  that  CD  <r  10  pi- , 

therefore  we  take  Tc  ( ^0  O)(l0  pF ) = 0.1  ns. 

b 

We  therefore  have 


A 


< 'i 


decoder 


drive 


1 ns  ■*  0.7  ns 


We 

ci 


expect 
rcui ts 


i , + a,  . 

decoder  drive 

and,  therefore, 


to  be  comparable  to  that  obtained  in  bipolar 


7.  20— bO  ns  . 

f\ 
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C.  POWER  REQUIREMENTS  OF  THE  ARRAY 
1 . Hold  in'!  Power 

The  power  H required  to  pass  a current  1^  through  a device  in  the 
array  of  Fig.  23  is  given  by 


p = I V + I 2 R (6 ) 

C C C L 

where  V„  is  the  emitter-collector  voltage.  For  values  of  1(,  s 5 lg  (where 
.1 , is  the  sustaining  current)’ r*  Vg  (where  Vg  is  the  sustaining  voltage). 
In  practice,  I has  been  chosen  to  be  approximately  3Ig  for  convenient  opera 
tion.  Therefore,  the  minimum  power  we  chose  to  supply  to  the  device  is 


P 


Vs  + 


9Io  R, 


(7) 


The  minimum  current  density  observed  for  discrete  devices  with 

2 2 

insulator  is  1.6  A/cm'~,  with  2 A/cm  being  more  reproducible, 
as  in  the  array  of  Fig.  23,  I = 0.32  p,A,  with  Vg  = 2 V and  Rj 

P = (0.32)  10"b(2)  + 9 (0.32)2  (10"6)2  IQ4 


the  SiO^ 

For  a device 
, ,.4 

= 10  0, 


(8) 


or 


P 6.4  X 


+ 9 X 10 


0.64  . 


The  power  required  to  hold  16K  bits  in  the  "1"  state  is  therefore  of  the 
order  of  .10  mW. 

2.  Power  Required  to  Perform  Operations  on  Array 

(a)  Read  operation.  In  order  to  read  a word,  a current  density 
of  about  twice  the  holding  current  is  required  to  unambiguously  perform 
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the  operation  in  discrete  array.  The  extra  power  required  to  perform  a 
read  operation  on  a single  device  is,  from  Eqs.  (6)  and  (7) 

PR  ~ ICVC  ^ *C  RL  ^SVS  + 9IS  V 

- 2Is(vs  + V4)  4 9(2is)2rl  ■ (isvs  + 9Is2rl) 

= (1.5)!SVS  + 27  !s2Rl 

(9) 

= (1.5)(0.32  UA)  2 V + 2(0.32  ^A)2  104  0 
= 9.6  x 10~7  W + 2 x 10'9  ~ 0.96 

The  maximum  extra  power  for  an  entire  "word"  of  128  bits  is  therefore 

12b  p, W . This  is  much  less  than  the  power  required  to  hold  information  in 
the  array  (10  mW ) . 

(b)  Write  operation.  The  extra  power  required  to  write  a single 
bit  consists  of  the  power  required  to  supply  current  to  a single  base  row 
plus  the  power  required  to  raise  a collector  column's  voltage  Pc  , 


P = 21  V 
row  B EB 

where  V^g  is  the  emitter-base  voltage  of  a single  device  and  Ig  is  the  applied 
base  current.  The  factor  of  two  obtains  because  this  current  must  also  be 
applied  to  each  base  isolation  diode  which  we  assume  has  approximately  the  same 
emitter  area  as  the  active  devices.  Useful  values  of  Ig  for  the  small  area 
devices  of  the  array  of  Fig.  23  will  be  of  the  order  of 
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(50  x 10'6)  ■-*  -°  ■ ■ 6.4  * lo'BA 

1.25  y 10 

since  the  applied  base  current  required  for  the  proposed  array  devices  should 
be  smaller  than  that  required  for  the  discrete  devices  by  the  ratio  of  their 
areas.  With  VCn  **  0.55  V 


P0  ~ 0.67  p,W 
K 


On  the  other  hand,  from  Eq.  (7) 


P » V 1 
c c c 


- 3V  I + I R 
JVS  S C L 


91 


L 


if  the  device  is  in  its  low  impedance  state.  Therefore,  for  the  worst  case 
when  the  device  is  already  in  its  low  impedance  state 


P = 1 aW 
c p 

following  similar  considerations  which  lead  to  Eq.  (9). 

The  total  power  required  to  write  a word  must  be  less  than  (126) 

(P  + P w)  ~ 128  (j,W  which  is  again  small  compared  to  the  total  array  holding 
power  of  10  mW. 

(c)  Erase  operation.  The  power  required  to  erase  an  entire  word 
is  actually  less  than  that  required  to  hold  information,  since  the  voltage 
and  current  supplied  to  that  column  is  lowered. 
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1).  SUMMARY  OF  EXPECTED  PERFORMANCE 

The  following  table  summarizes  the  expected  performance  of  an  ICS 
array  with  an  approximate  comparison  with  the  performance  and  characteristics 
of  conventional  MOS  and  bipolar  random-access  memories. 


ICS  MOS  Bipolar 


No.  bits 

16K 

16K 

256 

Static 

Yes 

No 

Yes 

NDRO 

Yes 

No 

Yes 

Active  devices/bit 

1 

1 

4-6 

n 

Area/bit 

~ 2 mil2 

~ 1 mil2 

75  mi  1 

Chip  size 

4 x 104  mil2 

4 2 

4 X 10  nil 

4 X 104  mL 

Average  power/bit  (holding) 

1 

2 UW 

1 - 10  mW 

Standby  power  on  array 

10  mW 

35  mW 

400  mW 

Peak  power  on  array 

20  mW 

35-50  mW 

2 400  mW 

Total  power  consumed  by  chip 

210  m 

600  mW 

400-800  mW 

Access  time 

20  ns 

200  ns 

20-50  ns 

We  therefore  conclude  that  the  ICS  could  have  lower  power  consump- 
tion an  MOS  memory  chip,  and  faster  access  time  than  a bipolar  chip  (for 
the  same  number  of  bits). 
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SECTION  5 


NONLATCHING  CIRCUITS 


ICS  devices  can  be  used  in  nonlatching  circuits  (circuits  which 
will  not  remain  in  the  low  impedance  state  when  a base  or  emitter  current  pulse 
is  removed)  by  making  use  of  the  effect  of  an  emitter-base  shunt  resistance 
upon  the  value  of  sustaining  current  and  sustaining  voltage.  The  circuit  of 
Fig.  6 is  the  simplest  circuit  which  contains  all  the  essential  features  of 
nonlatching  operation.  (The  switch  S must  be  closed  and  a base  current  pulse 
supplied.)  For  nonlatching  switching  it  is  essential  that  Rg  / ® and  that 
trie  pulsed  supply  current  which  is  drawn  from  the  parallel  combination  of  Rg 
and  the  base-emitter  terminals  of  the  device  result  in  a collector  current 

which  is  less  than  I„(R„).  The  common  emitter  collector  output  character- 

b b 

istics  of  Fig.  25  illustrate  the  desired  relationships. 

A device  originally  residing  in  the  high  impedance  state  at  point  B 
on  the  collector  characteristics  of  Fig.  25  can  be  transferred  to  a pseudo  low 
impedance  state  near  point  A on  the  low  impedance  state  characteristic  that 
would  exist  if  Rr  were  much  larger  than  the  value  actually  chosen.  It  is 

O 

important  for  nonlatching  operation  that  point  A corresponds  to  a current  less 
than  Ig(Rg).  Removal  of  the  base  current  supply  pulse  will  cause  the  device 
to  revert  to  its  low  impedance  state  at  point  B because  point  A does  not  lie 
on  a stable  impedance  state  of  the  device  with  the  particular  value  of  Rg 
chosen.  Clearly,  Rr,  Rr  and  V must  be  chosen  together  correctly  in  order  to 

O U 

obtain  the  desired  behavior. 

The  nonlatching  nature  of  certain  ICS  circuits  suggests  their  use 
in  logic  applications.  An  inverter  circuit,  as  diagrammed  in  Fig.  26  has 
been  operated.  The  two  ICS  transistors  T,  and  T0  are  essentially  identical. 
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In  the  quiescent  state  of  the  circuit  1^  is  not  conducting  and  T£  is  conduct- 
ing, drawing  essentially  all  the  collector  supply  current  I.  (I  is  chosen 
to  be  slightly  greater  than  I^Rg**00).  The  shunt  conductance  consisting  of 
eith  r R or  the  diode  D between  the  emitter  and  base  of  T1  is  chosen  large 
enough  so  that  both  the  sustaining  current  and  threshold  voltage  of  are 
significantly  greater  than  that  of 

The  diode  D,  consisting  of  a p-n  junction  identical  to  the  emitter 
junctions  of  both  and  but  of  3-5  times  their  area,  was  found  to  give 
better  performance  than  a resistor  by  itself  as  the  emitter-base  shunt  element. 

can  be  turned  on  by  a sufficiently  large  current  pulse  supplied  to  the 
input  terminal.  In  order  to  obtain  logic  current  gain  it  is  important  that 
the  shunt  conductance  between  the  emitter  and  base  terminals  of  not  be  too 
large  or  else  an  extremely  large  value  of  input  current  will  be  required  to 
turn  on.  The  current  drawn  through  the  base  terminal  of  T^  can  show  up  as 
an  increased  current  through  the  collector  terminal  of  T^  because  of  the 
same  considerations  which  permit  current  gain  in  conventional  bipolar  tran- 
sistors. For  the  circuit  to  work  correctly  it  is  essential  that  the  current 
1^  leaving  the  collector  terminal  of  T^  be  sufficient  to  reduce  the  current 
I2  through  T2  (where  1^  = I - 1^  in  steady  state)  below  Ig.  Then  a complete 
transfer  of  current  from  the  right-hand  side  of  the  loop  to  the  left-hand 
side  of  the  loop  will  take  place. 

When  T2  is  nonconducting,  the  output  terminal  drops  to  essentially 
zero  voltage  and  cuts  off  an  output  current.  The  inverter  function  is  thus 
accompli  sheds  an  input  current  cuts  off  an  output  current.  Removal  of  the 
input  current  will  cause  T^  to  revert  to  its  high  impedance  state  and  T2  will 
again  conduct. 

Performance  of  the  circuit  demands  a stiff  current  source  I,  or 
else  only  incomplete  transfer  of  the  current  from  one  side  of  the  loop  to 
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the  other  will  take  place.  The  speed  of  transition  for  the  actual  operated 
circuits  was  about  10  ns.  The  time  internal  t required  to  make  the  transi- 
tion win  apparently  greatly  Increased  by  parasitic  capacitances  in  the  bread- 
board circuit  used  with  discrete  devices.  A major  contribution  to  t was  the 
time  t required  to  charge  D and  the  emitter  junction  of  T...  The  transistors 
T^  and  T^  had  emitter  areas  ten  times  the  area  of  their  collectors  so  most  of 
the  emitter  capacitance  that  was  present  in  the  actual  circuits  could  be 
eliminated.  The  swing  in  base  voltage  required  to  turn  on  T^  is  of  the  order 
of  0.1  V (change  from  0.4  to  0.5  V)  and  the  emitter  capacitance  was  of  the 
order  of  100  pF  when  the  device  was  turned  on.  Thus,  if  a current  of  about 
1 mA  is  drawn  from  the  base  of  T^,  we  expect 

(io“10  FH10'1  V) 

t ~ C/l (AV ) = ~ = 10  s , 

c (10-3  A) 


as  observed. 


SECTION  6 


CAPACITANCE  STUDIES  OF  ICS  DEVICES 

A.  CAPACITANCE  MEASUREMENTS  (H ICH  IMPEDANCE  STATE) 

1 . Col loctor-Emitter  Capacitance 

In  order  to  study  the  detailed  behavior  of  ICS  devices  and  relate 
this  to  the  basic  physical  mechanisms  responsible  for  the  ICS  phenomenon, 
the  capacitance-voltage  characteristics  of  the  devices  were  studied.  From 
such  measurements  one  generally  expects  to  learn  such  things  as  depletion 
layer  width,  extent  of  inversions,  etc.,  which  are  certainly  important  in 
describing  device  properties.  Since  different  insulator  materials  will  have 
different  conduction  mechanisms  and  therefore,  in  general,  different  strengths 
of  inversion  not  all  devices  could  be  studied  in  detail.  This  section 
therefore  emphasizes  the  behavior  of  one  particular  device  variation,  the 
Mo-SiO^-n-p  structure,  for  two  reasons.  First,  this  device  was  chosen  for 
integrated  circuit  fabrication, and,  second,  the  conduction  properties  of 
Sit).,  thin  insulators  have  been  of  interest  in  other  unrelated  work  including 
the  description  of  metal-insulator-semiconductor,  "Schottky-barriers,"  and 
as  solar  cells  or  photon  detectors. 

Figure  27  presents  the  basic  observation  on  capacitance  measure- 
ments of  ICS  devices  when  terminal  connections  are  made  to  the  emitter  and 
collector.  The  measurements  which  were  made  on  a Boonton  model  72-D3 
capacitance  bridge  at  1 Mlz  were  terminated  at  the  greatest  bias  at  which 
reliable  data  were  obtained.  (Generally  a device  quality  factor  Q = >CR, 
equal  to  or  greater  than  unity  enabled  the  bridge  to  function  reproducibly.  ) 
The  data  of  Fig.  27  were  not  extended  beyond  the  point  where  the  device 
Q < 2.  Lower  frequency  measurements  were  not  useful  since  the  conduction 


-56- 


of  trie  device  would  limit  accuracy  over  most  of  the  range  of  applied  voltages. 

A second  important  point  to  note  is  that  the  experimental  data  were 
affected  by  ill  imination  of  the  device.  This  observation  is  not  unexpected. 

It  has  been  noted  that  device  threshold  voltage  depends  upon  illumination. 

The  data  suggest  that  a tendency  to  invert  is  obtained  at  higher  biases  when 
the  device  is  illuminated.  At  low  biases  the  light  obviously  causes  the  sur- 
face to  be  accumulated.  This  interpretation  is  confirmed  by  the  current- 
volt  ige  characti ristics  shown  in  Fig.  28  for  the  same  device  under  the 
identical  conditions  of  illumination.  The  interpretation  of  these  is  com- 
plicated by  the  fact  that  the  apparatus  measures  the  series  combination  of 
the  capacitance  of  the  emitter  junction  and  the  surface. 

2.  uollec  or-Base  Capacitance 

Measurement  of  the  collector-base  capacitance  of  the  device  avoids 

the  complication  of  the  emitter- junction  capacitance.  Use  of  this  technique 

allows  the  direct  confirmation  of  the  fact  that  there  is  essentially  no 

inversion  obtained  in  the  high  impedance  state.  Figure  29  displays  the 

2 

measured  values  of  l/C  as  a function  of  the  applied  voltage  for  two  related 

"4*  . • 

structures;  a Mo-SiO^-n-p  ICS  device  and  a Cr-n-p  Schottky-barrier  device 
made  on  a wafer  from  the  same  lot  as  the  ICS  structure.  Contact  to  the  n 
regions  of  both  devices  was  made  by  an  n+  phosphorus  diffusion;  the 
geometry  and  heat  treatments  of  both  wafers  was  identical.  A chromium 
Schottky  barrier  was  chosen  because  chromium  is  especially  active  in  consum- 
ing any  oxide  layer  on  silicon. 

2 

The  linear  slope  of  l/C  vs  applied  voltage  obtained  for  both 
devices  implies  that  there  was  uniform  doping  in  the  epitaxial  layer  with 
essentially  no  inversion.  The  difference  in  slopes  (which  are  inversely  pro- 
portioned to  ionized  donor  density)  are  within  the  expected  variation  for  the 
starting  material. 
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FIG.  27  Capacitance-voltage  characteristics  of  Mo-SiO„-n-p  ICS  device. 

Capacitance  is  m asured  across  emitter  and  collector  terminals 
with  base  terminal  open. 


FIG.  23  Emitter-collector  I-V  characteristics  of  same  device  used  to 

obtain  data  of  Fiq.  26  with  identical  conditions  of  illumination 


COLLECTOR-BASE  VOLTAGE  (V)  78.„ 

2 + 

FIG.  29  l/C  v|  applied  voltage  for  Mo-SiO^-n-p  ICS  device  and  a companion 
Cr-n-p  Schottky-barrier  device.  Terminal  connections  are  made  to 
collector  and  base  with  emitter  terminal  open. 
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It  is  important  to  note  that  the  data  for  the  ICS  was  obtained  with 

no  illumination.  t-ven  though  the  surface  of  the  wafer  was  largely  covered  by 

2 

opaque  metal,  weak  room  light  illumination  was  sufficient  to  cause  the  l/C 
vs  V curve  of  the  ICS  l.o  radically  depart  from  linearity,  thus  confirming 
the  interpretation  given  to  the  collector-emitter  capacitance  data  that 
partial  or  weak  inversion  is  caused  by  illumination  even  in  the  high 
impedance  state. 

2 

The  straight-line  curve  for  l/C  vs  V is  generally  obtained  for  all 
ICS  devices  in  their  high  impedance  state.  Figure  30  shows  a curve  obtained 
on  a M-polysilicon-p-n+  device  which  had  a much  more  lightly  doped  and  thicker 
epitaxial  layer. 

The  data  of  Fig.  29  on  the  ICS  device  together  enable  a determination 
of  the  energy  band  structure  of  the  device.  The  flat  band  capacitance  of  the 
device  is  given  by 


= 18.8  pF 


€.  kT  £ 

d + ^ 1 

s Nd  q 


where  A is  the  device  area,  d is  the  thickness  of  the  SiCL,  £ and  £.  are 
the  dielectric  constants  of  the  silicon  and  SiO^,  respectively;  k is 
Boltzmann's  constant,  T is  the  temperature  in  degrees  Kelvin,  is  the 
ionized  donor  density  and  q is  the  electronic  charge.  From  the  data  on 
which  the  curve  of  Fig.  29  was  based,  the  flat  band  voltage  is  - 0.16  V. 
Figure  31  presents  the  surface  energy  band  structure  under  one  assumption 
that  the  band  structure  of  the  thin  Si02  layer  is  the  same  as  that  for  thick 
SiO^  layers.  As  shown  in  Fig.  30,  the  conduction  band  of  the  silicon  is 
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vs  applied  voltage  for  a Mo-poly  Si-p-n 
ections  are  made  to  collector  and  base. 


ICS  device. 
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Terminal 


aligned  with  the  Fermi  level  of  the  metal  at  an  applied  bias  of  lb.b  V.  It 
is  at  nearly  this  bias  that  the  threshold  of  the  device  is  reached,  suggesting 
that  electron  tunnel  current  must  be  present  to  cause  a transition  to  the  low 
impedance  state. 

3.  Col loctor-Dase  Capacitance  With  Applied  Emitter  Current 

Measurement  of  the  collector-base  capacitance  of  ICS  devices  is  pos- 
sible when  emitter  current  is  applied,  (it  is  not  possible  to  reliably 
measure  the  emitter-collector  capacitance  when  terminal  is  connected  to  the 
base  because  it  is  not  possible  to  consistently  null  out  the  capacitance  intro- 
duced by  the  additional  circuit.)  The  results  of  such  measurements  are  shown 
in  Fig.  32.  Note  that  the  capacitance  increases  with  emitter  current  but 
that  the  rate  of  increase  at  higher  emitter  currents  is  lower. 

This  behavior  suggests  that  an  inversion  layer  is  formed  by  the 
action  of  the  emitter  current  but  a detailed  quantitative  explanation  is  not 
immediately  obtained.  For  example,  when  1^  = 0,  = 1.7  pF  at  = 3.3  V, 

whereas  when  1^  = 100  p,A,  C^g  = 1.7  pF  when  V = 9.0  V.  It  is  clear  that 
interpreting  equal  capacitances  as  equal  depletion  widths  results  in  contra- 
diction. Such  an  assumption  would  require  that  (for  the  above  example)  4.7  V 
be  dropped  across  the  insulator  and  the  inversion  layer.  The  voltage  drop 
across  the  inversion  layer  can  be  a significant  fraction  of  the  voltage  drop 
across  the  insulator  simply  because  the  insulator  is  so  thin  (30-3S  \)  and 
the  inversion  layer  could  even  be  thicker  (80-100  K) • if  the  assumption  is 
made  that  l/2  of  this  extra  voltage  appears  across  the  insulator,  then  this 
would  require  an  electric  field  of  the  order  of  10  V/cm  across  the  SiO-,. 

While  the  best  SiO,  layers  may  have  dielectric  breakdown  strengths  even 
greater  than  this,  we  have  not  observed  dielectric  breakdown  strengths 
above  2-b  x 10^  V/ cm  for  these  materials  which  were  not  grown  in  a clean 
environment.  It  should  be  especially  noted  that  all  devices  tested  would 
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FIG.  32  Capacitance  as+a  function  of  voltage  for  collector-base 
of  Mo-SiO  -n-p  ICS  device.  Emitter  current  is  varied  i 
ferent  traces. 
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withstand  such  collector-base  voltages  and  emitter  currents  and  therefore  the 
data  of  Fig.  32  do  not  represent  an  extraordinary  case. 

The  cause  of  the  increased  capacitance  when  emitter  current  is 
applied  can  therefore  not  be  due  to  decreased  depletion  layer  width  because 
this  would  imply  that  the  electric  field  across  the  insulator  would  be 
unreasonably  large.  Another  possible  explanation  for  the  increased  capaci- 
tance which  could  be  considered  is  conventional  diffusion  capacitance 
associated  with  bipolar  transistors.  Such  an  explanation  can  also  be  shown 
to  be  insufficient. 

The  diffusion  capacitance  for  grounded  base  is  given  by 


r ^ 

df  - Dp  EC  UJ 


where  D is  the  diffusion  constant  of  holes  in  the  base  region,  W.,  is  the 
p N 

width  of  the  neutral  base  region  as  defined  in  Fig.  1 and  1 is  the  applied 

cU 

emitter  current  which  crosses  the  collector  depletion  zone.  If  is  the  ionized 
donor  concentration  in  the  base,  then 


^ = . (_!_*  v 4 
dVCB  2<"V  CB 


/s,  and  Np  = 5.3  x 1015  cm  ~ the  value  of  at  I 


Taking  Dp  = 12  cm2/-  "-J  “ ’~15  -~3 

-4 

= 10  A and  = 5 V is  0.04  pF  if  2 ^m.  This  value  of  is  small 


df  ““  *EC 
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compared  to  any  value  of  ( I ^ ) - C^(0),  observed  in  Fig.  31.  The  small 
value  of  C^  is  not  unexpected  since  the  total  width  between  collector 
insulator  and  the  emitter  junction  is  small  («  4 um)  compared  to  the  total 
base  widths  of  transistor  structures  which  have  larger  diffusion  capacitances. 
It  should  also  be  noted  that  the  assumed  emitter  current  received  by  the  col- 
lector of  100  j,A  is  much  larger  than  that  collected  ir  the  actual  capacitance 
experiment  because  of  the  small  ratio  of  collector-to-emitter  area.  The 
current  assumed  in  calculating  the  diffusion  capacitance  is  therefore  much 
larger  than  actually  present  in  the  experiments  of  Fig.  32. 

The  change  in  capacitance  brought  about  by  the  introduction  of 
emitter  current  must  therefore  be  explained  by  some  other  mechanism.  A 
mechanism  which  can  explain  this  behavior  is  the  capacitance  associated  with 
the  annihilation  of  incipient  inversion  layer  change  due  to  the  finite  con- 
ductivity of  the  insulator  and  will  be  described  in  the  next  section. 


Q.  THEORY  OF  COLLECTOR-BASE  CAPACITANCE  OF  THE  ICS  WITH  VARIATION  OF 
EMITTER  CURRENT  BIAS 

The  collector-base  capacitance  Cn  of  the  ICS  will  be  calculated 
for  the  device  when  it  resides  in  its  high  impedance  state  under  the  assump- 
tion that  the  hole  tunnel  current  density  J is  given  by 


4rrm,  e(kT)‘ 


pt 


exp(-Tl)  rr- 


(1) 


where  m^  is  the  transverse  hole  mass,  e is  the  electronic  charge,  h is 
Planck's  constant,  pg  is  the  hole  concentration  at  the  semiconductor  surface, 
N^  is  the  density  of  states  in  the  valence  band  and  T]  w - d,  where  X is 
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the  tunneling  barrier  height  for  boles,  and  d is  the  thickness  of  the  insulitor. 

1 2 

Equation  (l)  has  been  derived  by  Card  and  Rhoderick  and  by  Green  and  Shewchun, 
and  used  to  discuss  the  conduction  of  holes  through  thin  SiO^  layers  grown 
on  silicon.  Based  on  a two-band  model  of  the  band  structure  of  biO^,  Habib 
and  Simmons3  evaluate  T|  as  equal  to  0.936  d,  where  d is  the  insulator  thick- 
ness measured  in  angstrom  units.  An  implicit  assumption  involving  the  use 
of  Eq.  (1)  is  that  the  localization  of  carriers  in  an  inversion  layer  will 
not  substantially  affect  the  tunnel  current,  which  situation  has  been  dis- 
cussed by  Weinberg^  for  tunneling  into  the  SiC^  conduction  band  under  thp 
action  of  stronger  electric  fields  than  considered  here. 

In  the  high  impedance  state  any  inversion  layer  which  exists  at 
the  semiconductor  surface  cannot  screen  the  interior  of  the  semiconductor 
from  additional  charge  which  may  appear  on  the  collector  electrode  by  the 
same  electrostatic  mechanism  which  applies  to  a perfect  insulating  SiCb, 
when  a low  frequency  test  signal  is  applied.  The  unscreening  inversion 
layer  of  an  ICS  can,  nevertheless,  profoundly  affect  the  collector-base 
capacitance  Crn  under  certain  circumstances.  The  mechanism  of  this  inter- 
action  can  be  explained  by  referring  to  Fig.  33,  which  displays  charge  density 
as  a function  of  position  near  the  surface  of  the  device.  If  only  a dc 
voltage  is  applied  to  the  collector,  then  a steady-state  inversion  charge 

density  Q at  the  semiconductor  surface  and  a steady-state  width  of  the 
10 

surface  depletion  zone  W will  exist.  Increasing  the  charge  on  the  collector 

from  - Q to  -(Q  + A q ) will  not  result  in  an  increase  of  the  width  of  the 

m mm 

depletion  layer  from  Wq  to  Wq  + however  (here  is  the  density  of 

ionized  donors  near  the  semiconductor  surface).  This  smaller  increase  in 
depletion  width  results  from  an  increase  in  hole  tunnel  current  caused, 
according  to  Eq.  (l),  by  an  increase  in  pg.  Thus,  a portion  of  the  increment 
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uQ  is  annihilated  by  the  increased  hole  conduction  through  the  insulator, 
m 

leaving  a smaller  net  charge  on  the  collector  which  must  be  balanced  by  an 
increase  in  depletion  layer  width. 

Let  E be  the  surface  electric  field  in  the  semiconductor,  be 
s s 

the  potential  drop  across  the  semiconductor  surface,  $ the  dielectric  con- 
stant of  the  semiconductor,  be  the  charge  density  contained  in  the  semi- 
conductor inversion  layer  and  pg  be  volume  density  of  ionized  holes  at  the 
semiconductor  surface.  These  quantities  are  related  by  the  approximate  relation 


E 


2 

s 


2p^kT  2qNrf 


(2) 


5 2 

independently  derived  by  Ong  and  Pierret  and  by  Green  and  Schewchun  in 
order  to  describe  surface  electric  fields  in  nonthermal  equilibrium  deple 
tion  zones  in  MOS  structures.  Eg  is  also  related  to  these  quantities  by 
Gauss'  law 


E 

s 


Neglecting  the  voltage  drop  across  the  inversion  layer  so  that 


s 


J 


(3) 


(4) 
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yields  in  combination  with  Eqs.  (2)  - (9) 


i QT  nhw 

1 1 , _e_  l d 

Ps  = 2kT  e kT  c 
s s 


Equations  (2)  and  (5)  are  derived  implicitly  from  the  assumption  that  the 

hole  current  density  in  the  semiconductor  is  given  by  J = - eu  pUp  , 

P P P 

where  u is  a (field-independent)  mobility,  p is  the  hole  density  and  cp 
P P 

is  the  hole  imref. 


It  is  convenient  to  define 

, ~ iuut  "N 
p = p + p e 
Ks  Kso  *s 


Q.  = Q.  + q.  e 
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W = W + W e 
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Jpt  Jpto  + ^pt  e 


where  the  symbols  with  a subscript  zero  are  steady-state  (dc.)  values  of  the 
variables  and  the  symbols  with  a tilda  are  (small)  ac  magnitudes  of  the 
variables.  From  Eqs.  (5)  and  (6)  it  follows  that 


, Q.  gN. 

_J i°_  + Si.  Q W 

2kT  e kTe  wio  o 
s s 


and  from  Eqs.  (4)  and  (6)  that 
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Neglecting  terms  which  involve  products  of  the  ac  quantities,  Eq.  (5)  can 
be  written 


i 


(9) 
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We  consider  the  situation  in  which  a constant  hole  current  density 

J is  directed  towards  the  semiconductor  surface.  Such  a current  can  be 

s 

supplied  experimentally  by  biasing  the  emitter-base  junction  of  the  ICS  with 
a constant  current.  Neglecting  recombination  of  holes  in  the  inversion 
layer  with  electrons  which  tunnel  from  the  metal  into  the  semiconductor,  it 
follows  from  charge  conservation  that 


(10) 


4Trm^  e(kT)^ 

where  we  write  J as  J = bp  , where  b = r exp(-Tl)  from 

pt  pt  s h3  N 

/ 

E-q.  (1).  Now  dQ./dt  = iu>q.  eUut  'and  j = bp  , so  that 
X x p L s 


Substituting  in  Eq.  (9)  and  using  the  fact  that 


eN 

t = — - W W ( 10 ) 

e o 
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we  obtain 
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From  Eq.  (10)  it  follows  that  if  we  denote  the  incremental  charge  supplit  ' 

to  the  collector  by  q then 
1 sup 


- _ 6 _ 

— s 

q = q 4 q N id  = q + — * 
sup  UD  T 

0 


(12) 


It.  is  convenient  to  relate  Eq.  (ll)  to  impedance  formulas  by  using  instead 
of  q,  current  densities,  and  therefore 


dq 


Jt2  = i^q 

dt  sup 


(13) 


where  represents  the  "total"  current  density  (conduction  and  displace- 
ment current).  From  Eq.  (ll)  - (13) 


j.  = - 10)  — 
Jt  U) 
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Equation  (14)  is  in  the  form  of  j = , where  Y is  an  admittance  so  that 

Y = - juuC  4-  l/R.  Equation  (14)  can  be  rewritten  as 
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Therefore,  we  identify  the  shunt  capacitance  C.  ^ arid  resistance  related 
to  the  admittance  Y as 
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respectively. 

x € kT 

If  q « - — ^ . , then  according  to  Eq.  (15)  = — , the 

Jo  q Xo  0 

depletion  layer  capacitance  and  the  inversion  layer  has  no  effect.  It  is 

reasonable  that  at  a high  enough  frequency  and  small  enough  o no  effect 

should  be  obtained  because  within  a cycle  of  the  applied  frequency  no  sia 

nificant  charge  can  be  transported  across  the  insulator. 
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It  is  not  immediately  obvious  that  there  should  be  some  effect  at 

1 MHz.  A significant  effect  on  the  capacitance  will  occur  only  if 

-13  -T1 

u > uu  6 kT/qNWQ  . According  to  Eq.  (l),  a = 6.76  X 10  e . Therefore, 

-H  -7 

a change  in  capacitance  can  occur  only  if  e = 4,64  x 10  or  T|  = 14.6  if 

15  -3 

W = 1 urn  and  the  doping  density  is  5.3  X 10  cm  . According  to  Habib  and 
o * 

Simmons  T]  ~ 30,  so  no  change  in  capacitance  should  be  observed  with  varying 
emitter  current.  Since  significant  changes  are  observed  we  must  therefore 
prefer  the  smaller  value  of  T).  Such  a small  required  value  of  T|  is  not  com- 
pletely unexpected  since,  as  pointed  out  by  Card  , the  effective  tunneling 
barrier  height  of  the  Si02  conduction  band  is  a function  of  thickness  for 
thermally  grown  oxides  on  silicon,  Card  plots  T]  vs  d for  Si02  layers  up  to 
23  A.  Extrapolating  his  experimental  curve  to  high  values  of  d,  we  expect 
that  I,  s»  14.6  at  25-27  A.  Our  experimental  value  was  33  l. 

It  is  possible  that  the  value  of  T1  in  our  experiments  is  lower 
than  what  would  be  expected  because  of  perimeter  currents  which  are  larger 
because  of  the  higher  electric  field  which  can  lower  the  barrier  height. 
Perimeter-dependent  currents  have  sometimes  been  observed  in  these  devices 
in  their  low  impedance  state  as  described  in  Appendix  A.  No  direct  proof 
of  perimeter-dependent  currents  is  available  for  the  high  impedance  state. 

C.  CAPACITANCE  OF  ICS  DEVICES  IN  LOW  IMPEDANCE  STATE 
1.  Method  of  Measurements 

Capacitance  data  between  1-8  GHz  were  obtained  on  ICS  devices  using 
an  HP  network  analyzer.  The  devices  were  mounted  in  varactor  packages  and 
two  terminal  capacitances  measured  (between  the  emitter  and  collector  terminals). 
The  method  of  separating  the  capacitance  of  the  device  from  the  parasitic 
mounting  reactances  was  different  from  that  previously  used,  however.  Instead 
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of  "di oembeddiruj"  the  diode  from  what,  in  detail,  is  a very  complicated  cir- 
cuit requiring  the  accurate  knowledge  of  from  3 to  12  components,  a simpler 
approach  was  used.  The  impedance  of  the  mounted  diode  was  not  compared  to 
that  of  a standard  short  circuit,  rather  another  identical  varactor  package 
was  prepared  which  had  the  same  number  of  leads  as  did  the  package  contain- 
ing the  test  device.  The  leads  running  from  the  lip  of  the  package  and 
bonded  to  the  package  base  or  device,  were  of  the  same  length  and  relative 
position  for  both  packages.  Thus,  this  comparison  mounting  had  the  same  cir- 
cuits as  the  package  containing  the  test  diode  except  a short  circuit  was 
substituted  for  the  device's  intrinsic  impedance.  Assuming  that  the  compari- 
son "shorted  package"  is  an  ideal  short  circuit  (and  thereby  treating  the 
entire  mounting  circuit  as  an  extra  length  of  lossless  transmission  line) 
enables  one  to  directly  measure  the  impedance  of  the  device  without  requiring 
specific  accurate  knowledge  of  what  the  mounting  circuit  is.  This  method 
cannot  be  used  except  at  one  frequency  at  a time  since  a new  "short"  reference 
must  be  obtained  for  each  test  frequency.  However,  since  we  are  mainly 
interested  in  variations  of  device  capacitance  with  applied  bias,  this  is  not 
a serious  complication  to  the  method. 

A two-terminal  capacitance  was  measured  (the  base  terminal  left 
open)  in  order  not  to  complicate  the  disembedding  procedure.  The  devices 
conveniently  had  an  emitter  area  nine  times  their  collector  area.  The 
emitter-base  capacitance,  as  by  direct  measurement,  was  large  compared  to  the 
emitter-collector  capacitance  if  the  devices  were  biased  in  their  low  impedance 
state.  The  resulting  data  are  therefore  reasonable  respective  to  the  collector 
portion  of  the  device.  (Collector-base  capacitance  was  not  measured  since  a 
low  impedance  state  is  not  obtainable  unless  the  emitter  is  supplied  with  current. 
The  latter  requirement  would  probably  affect  the  accuracy  of  the  data  to  a 


greater  extent  than  the  assumption  that  the  emitter-base  capacitance  can  be 
compensated  for  in  the  measurement  of  emitter-collector  capacitance.) 

2.  Measurements 

me  basic  observations  on  device  capacitance  made  in  the  low 
impedance  state  are  summarized  in  Fig.  34,  which  also  shows  the  measured 
capacitance  of  the  device  in  its  high  impedance  state.  The  collector-base 
voltage  was  determined  by  VCfi  = VCE  - VB£,  where  these  voltages  were  measured 
as  a function  of  current  on  the  same  three-terminal  device  used  to  measure 
the  collector-emitter  capacitance.  The  theoretical  curves  are  calculated 
on  the  basis  of  standard  MOS  theory  and  represent  the  collector-base 
capacitance  only.  For  thermal  equilibrium,  the  capacitance  per  unit  area 
is  given  if  the  semiconductor  is  given  by 


where  Q is  the  charge  per  unit  area  delivered  to  the  collector,  <|i  is  the 

5 S 

surface  potential  of  the  silicon,  eg  is  the  dielectric  constant  of  silicon, 
Lp  is  the  extrinsic  Deybe  length,  0 = l/kT,  where  k is  Boltzmann's  constant 
and  T is  the  absolute  temperature  and  nnQ  and  pnQ  are  respectively  the 
thermal  equilibrium  concentration  of  electrons  and  holes  in  the  n layer  of 
silicon  adjacent  to  the  insulator.  Finally,  F(pi|f,  PnQ/nno)  is  defined  by 


£ 
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FIG.  34  C-V  characteristics  of  Mo-SiCL-n-p  device.  Microwave  frequency 
measurements  made  between  emitter  and  collector  and  corrected 
by  emitter  junction  capacitance  and  voltage  drop. 
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me  total  capacitance  C per  unit  area  of  the  insulator  layer  C2  and  silicon 
C&  is  given  by 


C = 


c 

s 


+ c 

s 


The  theoretical  curves  were  calculated  on  the  basis  of  independent  measure- 
ment of  the  oxide  thickness  of  35  4 (determined  by  ellipsometry)  and  a doping 

15  3 

density  in  the  silicon  surface  layer  NA  of  4 x 10  /cm  (determined  by  dif- 
ferential capacitance  measurements). 

The  deep  depletion  (high  impedance  state)  capacitance  was  calculated 
using  Eq.  (19),  but  instead  of  using  Eq.  (17)  for  C , was  taken  as 

(deep  depletion)  3 


Several  observations  are  immediate: 

(1)  Deep  depletion  adequately  describes  the  high  impedance  state 
(not  a new  result  but  already  contained  in  our  1973  proposal).  For  biases 
above  0.5  V,  the  high  impedance  state  departs  radically  from  thermal  equilibrium. 

(2)  me  low  impedance  state  is  not  at  thermal  equilibrium  (hardly 
an  earth-shaking  result  since  current  is  being  conducted  through  the  device), 
but  a simplistic  interpretation  would  confirm  that  it  represents  a closer 
approximation  to  thermal  equilibrium  than  does  the  high  impedance  state. 

(3)  me  microwave  capacitance  in  the  low  impedance  state  is  not 
a rapidly  varying  function  of  microwave  frequency.  Data  has  been  obtained 
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between  1 and  8 GHz  but  only  two  frequencies  are  shown  for  clarity.  The 
largest  differences  in  the  data  at  different  frequencies  occur  at  high 
capacity  and  this  likely  represents  experimental  error  more  than  a real 
physical  effect.  At  C w 100  pF,  the  device  looks  so  much  like  a short 
circuit  that  accurate  impedance  measurements  are  difficult.  (An  error  of 
about  0.1  degree  in  phase  of  reflection  could  produce  a change  in  capacitance 
of  20  pF  at  4 GHz,  for  example,  if  C > 100  pF.  The  percentage  error  in 
measured  C is  much  less  for  low  values  of  C. ) 

There  is  a ncntrivial  nonlinear  effect  produced  by  microwave  test 
frequency  measurements,  as  described  in  the  next  section,  and  the  complete 
description  has  not  been  completely  unraveled  at  the  higher  microwave  frequencies. 
This  nonlinear  effect  produces  a self-biasing  (rectification-detection).  It 
is  felt  that,  it  has  not  contributed  any  significant  uncertainty  to  the  data 
of  Fig.  34,  however,  for  the  following  reasons: 

(1)  Data  were  obtained  at  the  lowest  microwave  powers  con- 
sistent with  stable  operation  of  the  network  analyzer. 

(2)  The  nonlinear  effect,  as  judged  by  changes  produced  in 
dc  I-V  characteristics,  is  much  greater  in  the  high  impedance 
state. 

(3)  The  nonlinear  effect  appears  significantly  smaller  at 
higher  microwave  frequencies  where  study  of  the  effect  is  more 
difficult. 


SECTION  7 


NONLINEAR  EFFECTS  OF  MICROWAVE  POWER  ON  ICS  DEVICES 

A.  BACKGROUND 

As  mentioned  previously  in  this  report,  care  must  be  taken  in  the 
measurement  of  microwave  impedances  of  ICS  devices  in  that  microwave  power 
can  affect  the  dc  I-V  characteristics  of  the  devices.  This  section  of  the 
report  describes  these  effects  in  detail  and  it  is  shown  that  microwave 
detection  and  threshold  switch  functions  can  be  performed. 

The  data  were  all  obtained  from  a standard  device  structure  used 
for  ICS,  essentially  the  same  as  that  diagrammed  in  Fig.  1.  As  a microwave 
detector  this  structure  is  not  optimized.  It  had  a large  emitter  area  equal 
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to  1.13  X 10  cm  and  a collector  area  of  1.2b  X 10  cm  , both  areas  being 
large  compared  to  standard  microwave  detector  diodes.  Construction  of  a 
more  elegant  microwave  detector  structure  was  not  attempted  as  it  was  viewed 
as  being  too  diversionary  for  our  main  goals.  The  purpose  of  this  section 
is  therefore  threefold: 

(1)  To  prescribe  limits  to  the  accuracy  of  microwave 
impedance  measurements  of  these  devices  due  to  nonlinear  effects. 

(2)  To  report  to  whomever  may  be  interested  that  a novel 
microwave  detector  and/or  power  threshold  alarm  exists  and  whose 
present  performance  may  be  no  real  indication  of  its  potential 
sensitivity. 

(3)  To  again  provide  reinforcement  from  a novel  experi- 
mental arrangement  for  the  basic  model  of  inversion-controlled 
conduction  as  the  mechanism  responsible  for  ICS  behavior. 


B.  THEORY 


In  the  high  impedance  state,  when  a low  bias  is  applied  to  an  ICS 
diode,  the  emitter  may  have  a higher  differential  resistance  than  the  collectoi. 
Adding  an  ac  signal  to  the  dc  bias  can  therefore  result  in  a rectification; 
consequently,  the  increased  injection  of  minority  carriers  into  the  base  can 
lower  threshold  voltages  and  change  high  impedance  state  C-V  characteristics. 
These  changes  are  observed  to  depend  upon  the  rf  power  used  to  perform  the 
measurements. 

In  this  respect,  the  effect  of  microwave  power  is  quite  similar  to 
optical  excitation  on  the  device.  Both  optical  excitation  and  microwave 
excitation  face  an  increased  bias  on  the  emitter-base  junction.  This  results 
in:  (1)  a shift  of  the  low-voltage  C-V  characteristics  by  0 - 0.4  V (depend- 

ing upon  the  intensity  of  light  or  the  microwave  power  used);  (2)  a change 
in  I -V  characteristics  which  is  manifest  at  low  voltages  by  increased  con- 
duction through  the  device  which  would  normally  appear  at  a voltage  0 - 0.4  V 
bias  in  the  opposite  direction  (the  extent  of  shift  depends  again  on  the 
optical  intensity  or  microwave  power  used;  and  (3)  a lowering  of  the  device 
threshold  voltage.  The  effect  of  microwave  power  on  the  device  is  therefore 
a further  confirmation  of  the  inversion-controlled  conduction  model  which 
predicts  a lowered  threshold  voltage  if  an  increased  supply  of  minority 
carriers  is  available  to  be  supplied  to  incipient  inversion  layers  at  the 
insula tor- semi  conduct or  interface. 

C.  MEASUREMENTS 

The  data  of  Fig.  35  show  the  variation  of  device  threshold  voltage 
with  applied  microwave  power.  These  measurements  were  made  with  a test  sig- 
nal whose  frequency  was  2.0  GHz  using  the  apparatus  diagrammed  in  Fig.  36. 
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Tne  double  stub  tuner  was  used  to  match  the  device  to  source.  The  device  was 

+ -3  2 

a Mo-SiO„-n-p  structure  with  an  emitter  area  of  1.13  X 10  cm  and  collector 
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area  of  1.25  x 10  cm  . The  given  amount  of  microwave  power  shown  as  the 

abscissa  was  sufficient  to  cause  a transition  to  the  low  impedance  state  if 

the  ordinate  voltage  was  supplied  to  the  device.  Thus,  a latching  transition 

occurred.  (The  device  remained  in  the  low  impedance  state  after  the  micro- 

wave  power  was  turned  down.)  Similar,  optically  induced  transitions  have 

been  observed.  The  relationship  between  the  change  in  threshold  voltage 

CM  and  the  microwave  P appears  to  have  roughly  the  form 
VH 


AVtu  = a P + b pn 
1 H 


where  a and  b are  constants  and  n is  a number  approximately  equal  to  2., 

Further  work  would  be  necessary  to  more  precisely  define  n. 

The  experimental  situation  for  which  these  data  were  obtained  repre- 
sents the  operation  of  a microwave  threshold  alarm.  A transition  to  the  low 
impedance  state  will  occur  following  the  attainment  of  a certain  level  of 
received  microwave  power. 

The  device  can  also  function  as  a more  conventional  detector  with- 
out a latching  transition.  A simple  way  to  prohibit  a latching  transition 
is  by  increasing  the  load  resistance  of  Fig.  36  device  sufficiently  that  no 
transition  to  the  low  impedance  state  can  take  place.  A sufficiently  high 
value  of  is  assured  if 


V 

I 
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where  V is  the  supply  voltage  and  I is  the  low  impedance  state  sustaining 

current.  An  alternate  method  of  preventing  a transition  to  the  low  impedance 

state  is  to  bias  the  device  with  a current  source  whose  output  current  is  less 

than  1 . 
s 

The  change  in  voltage  across  the  device  which  occurs  when  a given 
amount  microwave  power  is  applied  will  clearly  depend  upon  the  method  of 
biasing  the  device  (if  a transition  to  the  low  impedance  state  is  avoided). 

In  order  to  present  data  which  will  enable  the  calculation  of  how  much  voltage 
swing  would  occur  for  any  method  of  biasing  the  data  of  Fig.  37  are  presented. 
These  show  the  I-V  characteristics  of  a device  in  its  high  impedance  state 
for  various  amounts  of  applied  microwave  power.  A greater  microwave  power 
causes  a larger  current  at  the  small  applied  voltage.  One  would  not  expect 
that  these  characteristics  are  essentially  different  from  what  might  be 
obtained  from  a conventional  bipolar  transistor  with  connections  made  only 
to  its  emitter  and  collector  terminals  (base  left  floating). 

The  data  of  Fig.  37  were  obtained  at  a 1 GHz  test  frequency  from 
a Mo-SiC^-p-n*  device  of  the  same  area  as  the  Mo-Si02_n-p+  device  whose 
behavior  as  a threshold  switch  was  described  in  Fig.  14.  The  p-type  base 
layer  of  the  p-r/  devices  was  significantly  thicker  («  7-8  p,m)  than  the  n-type 
base  layer  of  the  n-p+  device  (-^  2 p,m). 

The  curves  of  Fig.  37  show  that  if,  say,  a 20  p,A  current  bias  is 
used,  the  voltage  on  the  device  would  change  from  8 V to  3 V,  if  a 7 mW  of 
1 GHz  power  were  applied  to  the  device.  Removing  the  microwave  power  would 
cause  the  voltage  to  swing  back  to  8 V. 
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SECTION  8 


SUMMARY  OF  REPORT 

A.  TECHNICAL  PROBLEM 

The  inversion-controlled  switch  (ICS)  is  a novel  semiconductor 
device  which  can  perform  rapid  switching  and  memory  functions.  This  program 
addressed  two  major  questions:  Can  the  device  be  incorporated  into  an 
integrated  circuit  which  can  perform  useful  functions;  and  is  a detailed 
explanation  of  device  behavior  possible?  Both  questions  have  been  answered 
affirmatively.  In  addition,  studies  of  possible  applications  of  discrete 
ICS  devices  and  studies  of  insulator  materials  used  in  fabricating  ICS  were 
conducted. 

B.  GENERAL  METHODOLOGY 

Devices  were  fabricated  and  tested  with  wide  structural  variations 
and  their  performance  compared  with  theory.  Memory  arrays  suitable  as  static 
random-access  memories  (RAM's)  with  nondestructive  readout  and  which  have 
only  a single  active  device  per  memory  site  were  constructed  using  discrete 
devices  in  order  to  demonstrate  a functional  circuit  design.  The  circuit 
which  showed  the  most  ideal  behavior  in  a 3 x 3 discrete  array  was  translated 
to  an  integrated  format  using  conventional  integration  techniques. 

C.  TECHNICAL  RESULTS 

Undecoded  2 x 2 RAM  circuits  using  30-35  l Si02  conducting  insulator 
layers  were  fabricated  in  an  integrated  format.  The  basic  fabrication  process 
is  compatible  with  simple  bipolar  techniques  and  probably  superior  per- 
formance (in  terms  of  area  density  and  power  consumption)  could  be  achieved 


-86- 


usiin  the  more  advanced  dielectric  isolation  technique  used  in  modern  bipolar 
circuit  designs.  Holding  powers  less  than  2 per  bit  are  project'd  to  be 
obtainable  with  small  area  device  designs  and  total  power  consumption  for  an 
ICS  RAM  should  be  less  than  for  an  MOS  memory  of  comparable  number  of  bits. 


Read  access  time  of  the  ICS  should  be  much  less  than  MOS  memories,  however. 

Current-voltage  and  capacitance-voltage  characteristics  of  devices 
can  be  explained  by  detailed  application  of  the  simple  device  model  developed 

under  earlier  contractual  support. 

Several  types  of  ICS  devices  were  subjected  to  transient  radiation 
at  RADC,  Solid  State  Science  Division,  Hanscom  Field  using  a 10  MeV  electron 
beam.  Most  devices  would  lose  information  in  a RAM-type  circuit  at  radia- 
tion dose  rates  between  108  and  109  rads  (Si )/s.  However,  one  structure, 

a Mo-SiO  N -p-n+  device,  was  found  to  hold  information  at  radiation  dose 
x y 

rates  of  the  order  of  10  ^ rads  (Si)/s. 


D.  DOD  IMPLICATIONS 

The  demonstration  of  an  integrated  ICS  RAM,  even  on  the  small  scale 

attempted,  shows  that  the  ICS  is,  in  principle,  integratable.  The  high 

speed  and  small  power  consumption  of  the  ICS  may  make  a full-scale  memory 

circuit  development  profitable  for  special  applications. 

The  radiation  hardness  of  the  SiO  N insulator  device  may  permit 

x y 

the  development  of  a new  class  of  radiation-hard  semiconductor  memories. 


E.  IMPLICATION  OF  FURTHER.  RESEARCH 

The  experiments  on  radiation  hardness  were  undertaken  as  an  aside 
to  further  establish  and  test  theories  of  device  operation.  The  radiation 
hardness  of  devices  employing  silicon  oxynitride  insulator  layers  was  not 
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completely  expected  and  is  only  partially  explained  at  present.  Further 
researcn  may  be  warranted  on  this  aspect  of  ICS  behavior  to  help  determine 
if  an  ICS  radiation-hard  memory  is  worth  developing.  A primary  problem  such 
research  should  address  is  the  power  consumption  requirements  for  a radiation- 
hard  memory  which  probably  will  be  greater  than  that  for  alternative 
radiation-sensitive  ICS  memory  arrays. 
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APPENDIX  A 


Steady-State  Characteristics 
of 

Two  Terminal  Inversion-Controlled  Switches* 

Harry  Kroger  and  H.  A.  Richard  Wegener 
Sperry  Research  Center,  Sudbury,  Massachusetts  01776 


* Supported  in  part  by  the  Defense  Advanced  Research  Projects  Agency 
and  monitored  by  Rome  Air  Development  Center,  Deputy  for  Electronics 
Technology,  under  Contract  No.  F19628-76-C-0105. 
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Steady-State  Ohara cteri  Gtics 
of 

Two  Terminal  Inversion-Controlled  Switches* 

Harry  Kroger  and  H.  A.  Richard  Wegener 
Sperry  Research  Center,  Sudbury,  Massachusetts  0177o 


ABSTRACT 

The  important  fabrication  procedures  and  the  direct  current-voltage 
characteristics  of  metal/conducting  "insulator"/semiconductor  junction  diodes 
are  described.  These  devices  generally  have  two  impedance  states.  The  high 
impedance  state  is  associated  with  a steady-state  deep  depletion  of  the  semi- 
conductor surface  which  permits  the  device  to  absorb  a high  voltage.  The  low- 
impedance  state  is  associated  with  a partial  inversion  of  the  semiconductor 
surface  which  greatly  increases  the  electric  field  across  the  insulator,  even 
though  only  a low  voltage  exists  across  the  device.  The  generality  of  this  phe- 
nomenon is  emphasized  by  citing  results  from  a wide  variety  of  combinations  of 
insulator  materials  and  semiconductor  structures.  Uniformity  of  conduction 
through  the  insulator  and  ruggedness  of  the  device  are  discussed  in  detail. 

The  device's  I-V  characteristics  can  either  be  independent  or  quite  sensitive 
to  ambient  temperature.  The  temperature  sensitivity  is  explained  by  the  effects 
of  temperature  on  those  mechanisms  which  control  the  formation  of  inversion 
layers. 


* Supported  in  part  by  the  Defense  Advanced  Research  Projects  Agency  and 

monitored  by  Rome  Air  Development  Center,  Deputy  for  Electronics  Technology, 
under  contract  No.  F19623-76-C-0105. 
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LIST  OF  SYMBOLS 


A - iffective  Richardson  constant 

C - Capacitance 

2 

D - Diffusion  constant  (cm  /sec) 

i - Current  (A) 

l,  - Collector  current 

[ . - Minimum  current  in  intermediate  Impedance  state 

it  1 n 

I - Maximum  current  in  intermediate  impedance  state 
max 

[ - Sustaining  current  in  low  impedance  state 

[ - Maximum  current  in  high  impedance  state 

in  2 

J - Current  density  (A/cm  ) 

k - Boltzmann's  constant 

N - Ionized  donor  (or  acceptor)  density 

q - Flectronic  charge 

R - Resistance  (ohms) 

R - Collector  load  resistance 

I - Temperature  (°K) 

V - Potential  (volts) 

V - Avalanche  breakdown  voltage 

A 

V , - Barrier  vol tage 

B 

V - Voltage  across  depletion  layer 

d 

V - Silicon  bandgap  voltage 

9 

V - Fmitter-base  voltage 

V.,„  - Emitter-collector  voltage 

II V* 

V.  - Voltage  across  insulator 

V - Vr.„  for  intermediate  state 

in  EC 

V„  - Sustaining  voltage  (minimum  V^  in  low  impedance  state) 
V...  - Threshold  voltage 

i H 

h - Base  width  (cm) 

W , - Depletion  layer  width  (cm) 

7 - Constant  in  Frankel-Poole  law  ((eV)  /V) 

*:  - Dielectric  constant  of  silicon  (F/cm) 

u - Hole  barrier  height  (V) 

P 

y - Trap  depth  (V) 
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1.  1NTK00UCTI0N 


lhe  existence  of  bistable  impedance  states  das  previously  been  reported 
in  me ta 1 /conduc t i ng-" insula tor "/n/p+- si  1 icon  diodes  [1],  [2]  and  in  metal/ 
conduct! ng-"insulator/p/n*-si licon  diodes  [3],  when  voltage  is  applied  in  the 
sense  which  forward  biases  the  p-n  junction  and  depletes  the  semiconductor  sur- 
face, as  shown  in  Fig.  1.  rhree-terminal  versions  of  these  structures  in  which 
electrical  contact  is  made  to  the  metal  and  both  sides  of  the  junction  have  shown 
dc  current-voltage  (1-V)  characteristics  similar  to  those  of  a silicon-controlled 

I 

rectifier  l_3]-[5j.  The  third  intermediate  terminal  is  shown  as  a dashed  line 
connection  to  the  devices  of  Fig.  1.  This  paper  will  more  completely  describe 
the  dc  behavior  of  two-’erminal  devices,  and  indicate  the  generality  of  this  phe- 
nomenon as  it  has  been  observed  in  a wide  range  of  structural  variations.  (The 
following  paper  [6],  hereafter  referred  to  as  "II,"  will  cover  the  behavior  of 
the  threo-termina 1 devices.)  In  addition,  further  experimental  evidence  will  be 
offered  which  supports  the  proposed  explanation  of  this  phenomenon  as  inversion- 
controlled  conduction  across  the  insulator  [2],  The  emphasis  of  this  paper  is 
descriptive;  a quantitative  analysis  of  device  behavior  will  be  published  else- 
where. 

The  inversion-controlled  conduction  model  of  device  behavior  asso- 
ciates the  presence  or  absence  of  a low-impedance  state  with  the  presence  or 
absence  of  an  inversion  layer  at  the  semiconductor  surface.  A high  impedance 
state  can  exist  for  these  devices  because  of  the  finite  conductivity  of  the 
Insulator  which  prevents  the  build-up  of  an  inversion  layer.  A high  voltage 
can  therefore  be  applied  to  the  device  because  the  surface  depletion  layer  can 
have  i steady-state  equilibrium  width  which  is  much  greater  than  that  obtained 
in  thermal  equilibrium.  The  energy  band  structure  and  relative  widths  of  the 
surface's  and  junction's  depletion  zones  for  a M/l/p/n  device  in  its  high 
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FIG.  1 Structure  of  inversion-controlled  switches  and  proposed  circuit  symbols. 

Diagrams  also  illustrate  definitions  of  base  width  W , surface  depletion 
layer  width  and  neutral  layer  width  W^.  Top:  M-T-n-p  device  and 
Gwboi  with  definition  of  terminal  potential  differences.  Bottom: 

M r~p-n  device  and  symbol. 
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. tpedance  state  are  d i a >jr a^uned  in  Fig.  2(a).  Hie  existence  of  steady-state 
de  p depletion  in  MIS  structures,  which  have  conducting  insulator  layers  but 

no  p-n  junction,  has  been  studied  previously t thin  SiO,,  layers  on  Si  have  been 
investigated  by  Kar  and  Dahl  ke  [ ’]  and  by  iHibey  et  al.  LB"),  for  example. 

A low  impedance  state  is  also  possible  for  these  devices  since  the 
current  from  a strongly  forward  biased  p-n  junction  can  overwhelm  the 
capability  of  the  conducting  insulator  to  discharge  the  incipient  inversion 
layer.  In  this  state  the  presence  of  the  inversion  layer  can  limit  the  width 
of  the  virface  depletion  layer  to  approximately  its  small  thermal  equilibrium 
value,  as  illustrated  in  Fig.  2(b).  rhe  device  conducts  strongly  because  now 
a higher  electric  field  is  present  within  the  insulator  r 2 j . 

A wide  variety  of  structures  have  been  used  to  study  the  inversion- 
controlled  conduction  phenomenon  which  often  require  different  methods  of 
fabrication.  Those  fabrication  procedures  common  to  all  structures  are  dis- 
cussed in  Sec.  II.  The  most  general  1-V  characteristics  which  have  been 
observeu  tor  these  inversion-controlled  switches  (ICS)  show  three,  ratner  than 
two,  stable  impedance  states  [3"'.  These  are  described  in  Sec.  111.  The 
temperature  dependence  of  the  threshold  voltage  V ^ of  ICS  devices  can  have 
wide  variations,  with  IdV^/dTl  as  qreit  as  1 V/°C  and  as  small  as  10  V c 
over  certain  temperature  ranges,  The  structural  variations  responsible  for 
th  s behavior  are  described  in  Sec.  IV.  The  paper  is  summarized  in  Sec.  V. 

II.  bABIC  STRUCTURES  AND  FABRICATION 

The  properties  of  the  two  basic  inversion-controlled  switch  (ICS) 
structures  shown  in  Fig.  1 are  qualitatively  similar.  Although  use  of  a par- 
ticular insulator  material  may  make  either  the  n-p  or  p-n  structure  easier  to 
fabricate,  no  basic  asymmetry  has  been  observed  in  the  I-V  characteristics 
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FIG  2 Bistable  current-voltage  characteristics,  relative  widths  of  surface  and 
junction  depletion  zones  and  energy  band  diagram  of  M-I-p-n  device.  Ip, 
E and  E denote  Fermi  level,  conduction  band  edge  and  valance  band  edge 
respectively. 

(a)  High  impedance  state. 

(b)  Low  impedance  state. 


oi  the  complementary  semiconductor  structures  [3].  Both  diffused  and  epitaxially 
grown  junctions  have  been  used  L4], 

Hie  "emitter,"  "base"  and  "collector"  regions  of  the  ICS  structure  are 
defined  in  Fig.  1.  These  terms  are  used  to  emphasize  the  similar  functions  per- 
formed by  these  regions  and  the  corresponding  parts  of  a bipolar  transistor  t,. 
flu  "emitter"  of  an  ICS  is  the  semiconductor  region  on  the  side  of  the  p-n  junc- 
tion furthest  away  from  the  insulator;  the  "base"  is  between  the  insulator  and 
the  p-n  junction,  and  the  "collector"  is  the  metal-insulator  portion  of  the 
device.  Note  that  the  base  electrode  does  not  contact  the  surface  space  charge 
region.  The  base  contact  is  therefore  useful  in  permitting  the  measurement 
of  either  tho  potential  drop  across  the  p-n  junction  or  of  the  surface 
capacitance.  Hie  circuit  symbols  for  the  ICS  devices  are  also  introduced 

i n F i g . 1 . 


All  insulator  materials  which  have  been  used  in  these  structures  have 
evidenced  the  ICS  phenomenon.  A more  detailed  discussion  of  the  properties  of 
some  of  the  individual  insulators  will  be  given  in  subsequent  sections.  One 
particular  surface  preparation  of  the  silicon  wafer  has  been  found  to  give  good 
reproducibility  for  all  insulator  materials  used.  After  cleaning  the  wafer,  a 
thermal  oxide  is  grown  at  llt>0°C  for  an  hour.  This  SiC^  is  removed  in  a buf- 
fered HF  solution  and  washed  for  five  minutes  in  flowing  deionized  water.  After 
being  blown  dry  the  wafer  is  quickly  transferred  to  the  vessel  which  is  used  to 
produce  the  insulator  layer.  This  procedure  usually  leaves  a surface  with  only 
6-8  k of  nascent  oxide.  On  the  other  hand,  sputter  etching  the  surface  (even 
immediately  preceding  the  deposition  of  a sputtered  layer)  is  found  to  produce 
an  exceptionally  poor  surface  for  all  insulator  materials  used. 

It  is  important  that  the  insulator  layer  should  present  neither  too 
high  nor  too  low  an  impedance  to  current  flow.  The  resistance  of  the  insulator 
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must  not  b<  so  great  that  an  inversion  layer  can  form  in  a conventional  metal- 
i nfiu la  tor- semi conduc tor  (MIS)  structure,  fabricated  from  the  same  insulator,  but 
with  no  junction  present  in  the  semiconductor.  Thus,  for  example,  if  3i0o  is 
used  vis  the  insulator  material,  a 20-60  k thickness  is  useful  for  the  fabrication 
of  |(:  devices,  whereas  100  \ ot  thermally  grown  SiO^  would  produce  too  perfect 
an  insulator  to  permit  significant  conduction.  Similarly,  the  insulator  must  not 
be  too  conductive.  For  example,  a 20  ’ thick  layer  of  high  conductivity  silicon- 
tich,  silicon  nitride  would  not  be  able  to  support  an  inversion  layer  at  the 
'MnsuKitor"-semiconducfor  surface,  even  under  the  influence  of  an  adjacent 
forward-biased  junction.  However,  thicker  silicon-rich,  silicon-nitride  layers 
(from  60  A to  400  A thick)  are  quite  useful  as  ICS  "insulators." 

fable  1 lists  the  properties  of  some  of  the  insulator  materials  which 
p ,ve  bean  extensively  used  to  fabricate  ICS's.  Ihe  comments  include  the 
important  fabrication  procedures  and  performance  properties  of  devices  made 
with  Lh.'  particular  insulators.  (The  symbols  "Ig"  and  "Vg"  are  defined  in 
Sec.  1113  and  Fig.  *’, .) 

Satisfactory  collector  metallizations  have  been  achieved  with  a 
variety  of  metals  including  chromium,  aluminum  and  molybdenum.  These  metals 

are  no*  useful  for  all  insulator-  layers,  however,  with  the  exception  of  molybdenum. 

. 2 

Electron-beam  evaporated  or  rf-sputtered  (using  less  than  2 W/cm  power  density) 
layers  of  molybdenum  have  produced  excellent  devices  in  all  structural  variations. 
For  many  insulator  materials  it  is  desirable  to  apply  the  collector  metalliza- 
tion immediately  after  the  insulator  layer  has  been  formed. 

[[  . -V  HARACTFlUSriCS 

A.  1 w o and  Three  Stable  Impedance  States 

flip  I-V  characteristics  which  are  observed  when  electrical  connections 
ire  mad-'  *o  the  emitter  and  collector  terminals  (the  base  contact  is  left  open 
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t eve*d  1 important  properties  of  ICS  devices.  At  least  two  and  at  most  three 

stable  impedance  states  are  observed  [3j.  The  detailed  description  of  I V 

cl  i riictei  i st  i cs  showing  three  stable  Impedances  has  not  been  previously  reported. 

Iiuui<  3 presents  the  dc  l-V  characteristics  of  two  different  K.Vs. 

Hie  device  whose  characteristics  are  shown  in  Fig.  3(a)  has  only  two  Impedance 
states;  the  device  of  Fig.  3(b)  has  three  stable  impedance  states  with  the 
third  intermediate  state  occurring  at  approximately  11V.  Doth  the  devices  of 
Fit.  3(a)  and  Fig.  3(b)  were  fabricated  using  the  same  insulator  material 
(30  { of  silicon  oxynitride  whose  index  of  refraction  at  5640  A is  1.7  [?]). 

Ft*  semi  onductor  structuies  of  these  devices  were  quite  different,  however. 

Hk  device  of  Fig.  'd(a)  was  a M/l/p+/n/n^  device  whose  junction  was  formed  by 
the  diffusion  of  boron  into  an  n-type  epitaxial  layer  grown  on  an  n substrate. 
The  devio  of  Fig.  3(b)  was  a M/l/p/n+  structure  whose  junction  was  formed  by 
opitaxi  1 growth  of  a 10  ohm-cn  p-type  epitaxial  layer  on  an  n substrate. 

The  term  "stable  impedance  state"  as  used  here  comprises  three  con- 
ditions: (l)  A region  of  positive  differential  resistance  exists  on  a I-V 

plot;  (2)  This  region  of  positive  differential  resistance  must  be  observable 
with  direct  current;  and  (3)  The  I-V  characteristics  must  be  recyclable. 

No  universal  rule  has  been  discovered  which  allows  the  prediction  of 
wlv-ther  or  not  the  intermediate  impedance  state  will  be  present  for  all  vari- 
ations of  device  parameters.  However,  several  rules  which  have  limited 
validity  for  certain  semiconductor  structures  or  particular  insulators  have 
been  inferred  from  extensive  experimentation  with  the  fabrication  of  many  Du 
structural  variations.  These  include  the  absence  of  the  intermediate  impedance 
sUt.t  in  >11  devices  which  either  have  polycrystalline  silicon  as  the  insulator 
or  in  most  devices  which  have  either  diffused  bases  or  low  threshold  voltages. 


The  origin  of  the  intermediate  level  impedance  state  is  not  clear. 
Careful  study  of  the  C-V  characteristics  of  devices  in  their  high  impedance 


st  i te  has  shown  that  there  is  no  anomaly  near  the  voltage  at  which  the  intermediate 
impedance  state  appears.  Thus,  it  is  not  possible  to  associate  the  intermediate 
impedance  state  with  some  intrinsic  property  of  the  insulator  to  partially  invert 
at  some  particular  applied  voltage  when  the  surface  is  in  a "deep"  (nonthermal 
equilibrium)  depleti on  [ 8] . 

U . Critical  Currents  and  Voltages 

1.  Threshold  voltage  and  current.  The  maximum  voltage  which  can  be 

applied  to  the  collector  when  the  device  is  in  its  highest  impedance  state  is 

called  the  threshold  voltage  V[H.  Threshold  voltages  as  low  as  1.5  V and  as 

high  as  70  V have  been  observed  in  different  device  structures.  The  most  important 

factors  which  determine  V,^  are  the  doping  level  and  thickness  of  the  base  [2], 

and  the  conduction  properties  of  the  insulator  layers. 

figure  4 displays  I-V  characteristics  of  an  ICS  diode.  This  diagram 

provides  a graphical  definition  of  Vy^  as  well  as  the  maximum  current  Iy^  which 

the  device  can  carry  in  its  high  impedance  state,  which  occurs  at  V.^.  The 

total  voltage  Vcr  applied  across  the  device  may  be  divided  up  into  the  poten- 
to 

tial  differences  across  the  insulator  Vi , across  the  surface  depletion  zone  Vrf, 
and  across  the  junction  VpR: 


where  the  voltage  drop  across  any  inversion  layer  which  might  be  present  is 
neglected.  For  a uniformly  doped  base- region 

V = 1/2  ^ W 2 , 

d es  d 

where  N is  the  assumed  uniform  ionized  donor  (or  acceptor)  density  of  the  base, 
q is  the  electronic  charge,  es  is  the  dielectric  constant  of  silicon  and  is 
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I'efinition  of  critical  currents  and  voltages  of  ICS  diode  having  three 
stable  impedance  states.  Load  lines  show  possible  transitions  between 
states  for  unilluminated  diode.  Note  that  with  a low  value  of  collector 
load  resistance,  the  intermediate  state  may  not  be  accessible. 
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t.ne  width  of  t ho  depletion  zone,  ns  shown  in  Fig.  1.  The  voltage  drop  across 
the  send  conductor  depletion  zone,  when  the  surface  depletion  zone  "punches 
Ihiongh"  to  the  emilter  junction  depletion  zone,  is  given  by 


V ' 
P 


% 


wh«  re  W is  the  width  of  the  base  region  measured  from  the  semiconductor  surface 

t.o  the  edge  of  the  emtttci  Junction  depletion  layer,  as  shown  in  Fig.  1.  Punch 

through  Is  possible  only  for  base  regions  sufficiently  thin  and/oi  lightly  coped 

that  avalanche  breakdown  of  the  semiconductor  does  not  occur  at  i lower  voltage 

than  V . 

P 

blear  1 y , if  V,  Is  equal  to  V , strong  injection  of  minority  carriers 
' d p 

from  the  emitter  will  occur.  Thus,  an  upper  limit  of  V.^  exists  for  lightly 
doped  and  thin  base  regions  and  is  given  by 


ni 


v,  t v 


1 vin 


(U 


si  net'  such  a bias  would  ensure  development  of  an  inversion  layer  tor  all 
insul  i tors  useu  in  ICS  devices.  For  all  devices  studied  it  was  found  that  at. 
room  tempo ra tut o V is  below  the  limit  of  Eg.  (l)  and  is  observed  to  be 


and  for  most.  Insulators  it  is  often  observed  that  t V . (V^  may  be 

de ta  mined  by  mr  rsuring  the  collector-base  capacitance  as  a tunct  lon  oi  applied 
col  lector-base  voltage  if  the  emitter  terminal  is  left  open.  As  will  be  dis- 
cussed In  11,  Inversion  does  not.  occur  wl  Mi  such  a bias  arrangement  with 
insulator  layers  conductive  enough  t.o  be  used  in  ICS  devices.) 


For  more  heavily  doped  base  regions,  the  upper  limit,  of  will  br 


given  by 


Til 


t V„ 


1 vi:b 


wluMo  is  the  avalanche  breakdown  voltage  of  the  surface  depletion  layer. 

Devices  whose  V.  * V have  \ markedly  smaller  dependence  of  V upon  unblent 
A p 1,1 

temperature  and  this  will  be  discussed  in  Sec.  1 1C. 

Die  inequality  of  iq.  (2)  is  readily  understood.  With  terminal  con 
nr i t. ions  to  only  tin  emitter  and  collector  the  base  will  acquire  \ potential 
intermediate  between  that  of  the  emitter  and  collector,  thus  slightly  forward 
biasing  the  emitter.  It.  is  observed  that  \t[:  Is  a monotoni c.a lly  increasing 
function  of  Neglecting  recombination  in  the  neutral  region  of  the  base, 

tbo  current  density  of  minority  carriers  J Injected  into  the  base  will  vary 
approximately  as 


j 

P 


4 


(3) 


where  D is  the  diffusion  coefficient  of  minority  carriers  in  the  base,  pQ  is 
their  thermal  equilibrium  concentration  at  the  edge  of  the  emitter  Junction 
depletion  zone,  k is  Boltzmann's  constant,  and  T is  the  absolute  temperature, 
the  quantity 


B 


W ) * W 
li  N 


which  appears  In  the  denominator  of  Hq.  (3),  is  the  width  of  the  neutral 
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lojion  be tween  the  surface's  and  the  emitter  junction's  depletion  zones  as 

defined  in  F i q . 1.  Because  raising  will  result  in  an  increase  in  both 

md  V , it  is  cleat  that  I will  increase  with  V.  ,.  The  threshold  voltage  is 
111  p 

ill  ini  (|  when  J increases  to  the  point  where  the  rate  of  arrival  of  minority 
P 

I it  tiers  at.  the  surface  exceeds  the  capability  of  the  surface  to  remove  them  by 
eit.het  direct  transport  across  the  insulator  or  by  recombination.  Phis  can 
occur  at  tpplieu  voltages  well  below  [21. 

Ilie  increased  injection  caused  by  a wider  surface  depletion  zone  is 
similar  to  an  burly  conductance  in  conventional  bipolar  transistors  [9j. 
liquation  (3)  also  serves  to  explain  why  devices  rubricated  with  thinner  epi- 
taxial layers  (smaller  W ) and  lighter  doping  of  their  base  regions  (smaller  N) 
will  have  a reduced  V { even  though  punch  through  is  never  actually  achieved  [21. 

Several  runs  of  devices  Including  M/SiO^/n/p  and  M/  a - ui/p/n  struc- 
tures have  been  fabricated  for  which  is  nearly  equal  to  V • Some  of  these 
devices  were  distinguished  by  their  insulator  layers'  extremely  low  conductivity. 
Compared  to  devices  with  higher  conductivity  insulator  layers,  the  iloatinq  base 
potential  therefore  tends  to  remain  much  closer  to  the  emitter  potential  as 

V is  increased.  Thus,  the  injection  of  minority  carriers  is  greatly  limited 

l iCv 

until  punch  through  is  nearly  obtained.  An  exact  prediction  on  the  effect  oi 
varying  insulator  layer  composition  and  thickness  upon  is  difficult  to  make 
because  little  is  known  regarding  the  ratio  of  electron- to-hole  conduction  cur- 
rents across  most  insulators,  especially  under  conditions  of  depletion  of  the 
semi  conductor  surface. 

V is  also  affected  by  surface  state  density,  trapped  charge  near 
the  miconductor-insulator  interface,  and  changing  the  collector  metalliza- 
tion. Those  factors  appear  to  influence  V.^  by  as  much  as  20%  when  room  tem- 
perature measurements  are  made. 
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• Virgin  state.  When  switched  for  the  first  time  many  devices  show 
i thre  hold  voltage  higher  than  that  observed  on  all  subsequent  switching  events. 
Devices  which  evidence  this  virgin  state  nevertheless  have  well  defined  V.ril, 
with  all  devices  on  a wafer  having  their  V.^  within  a 10%  range,  both  before  and 
liter  the  first  switching  event.  No  further  change  in  V^is  usually  observed 
after  the  first  switching  event,  which  typically  reduces  V^  by  about  20$. 

Certain  device  structures  do  not  have  a virgin  state.  Among  these 
are  devices  fabricated  using  polysilicon  as  the  insulator  layer  and  most  devices 
fabricated  by  a procedure  in  which  a phosphorus  glass  is  formed  on  the  thin 
insulator  side  of  the  wafer  as  the  last  high  temperature  (>  1000°C)  step, 
before  formation  of  the  conducting  insulator.  Using  such  procedures  the  virgin 
state  wis  not  observed  with  either  thermally  grown  Si0o  or  CVD  silicon  oxynitride 
devices,  although  companion  structures,  fabricated  identically  except  for  the 
phosphorus  glass  anneal,  evidenced  the  virgin  state,  thus  suggesting  that  the 
phosphorus  glass  acted  as  a getter  for  active  impurities. 

the  erasure  of  the  virgin  state  is  believed  to  be  caused  by  a per- 
manent. filling  of  deep  traps  within  the  insulator  or  at  the  semiconductor  sur- 
face. Similar  initial  cycle  events  have  been  observed  previously:  for 
example,  in  capacitance  measurements  of  silicon  nitride  memory  devices  [ 1CP  and 
in  conductivity  studies  of  silicon  nitrides  used  in  MNOS  transistors  [11].  The 
original  virgin  state  threshold  voltage  has  not  been  observed  to  be  restored  by 
temperature-bias  stressing  for  most  structures,  thus  these  devices  do  not  appear 
useful  as  nonvolatile  memory  devices. 

Tvidence  for  charge  storage  as  the  mechani  m of  erasure  of  the  virgin 
state  for  at  least  some  ICS  structures  can  be  obtained  from  a comparison  of  the 
C-V  characteristic:.  of  devices  in  their  virgin  and  nonvirgin  states.  Hie  run  of 
devices  which  showeo  the  largest  change  in  their  C-V  characteristics  after  the 
initial  switching  event  were  M/SiG0/n/p^  structures  and  their  collector-base  C-V 
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character!  sties  are  shown  in  Fig.  5.  The  thickness  of  the  thermal  Si02  layer  was 
del, , mined  to  be  30  k by  ellipsometric  measurements,  and  the  calculated  oxide 
capacitance  for  these  devices,  which  had  an  area  of  1.2/  x 10  cm  , was  ! pi  . 
Ihe  voltage  offset  of  approximately  0.3  V represents  an  increase  in  stored 
positive  charge  in  the  insulator.  Storage  of  positive  charge  near  the  Si-Si02 
Interface  has  also  been  observed  in  conducting  Si02  films  by  Weinoerq  [12]  using 

met  il/SiO  /silicon  devices  which  have  no  junction. 

3.  Lower  impedance  states.  Figure  4 also  illustrates  the  definition 
of  the  sustaining  current  ir. which  is  the  minimum  dc  current,  which  can  exist,  in 

O 

the  device’s  lowest  impedance  state.  The  sustaining  voltage  V$  is  the  voltage 
drop  across  the  device  in  its  lowest  impedance  state  when  1 = lg.  Current 
densities  corresponding  to  ICi  of  1.6  A/cm2  have  previously  been  reported  for  ICS 
devices  with  polysilicon  Insulators  [3].  The  lowest  value  of  current  density  of 
I observed  was  0.4  A/cm“  for  a M/amorphous  germanium/p/n  structure.  lypical 
values  of  V„  are  between  1.2  and  3 V.  Oiffused  base  devices  with  silicon  oxy- 
nitride and  amorphous  germanium  insulators  have  been  observed  with  Vg  - 1.1  V; 
epitaxially  grown  junction  structures  with  polysilicon  insulators  have  been 

observed  to  have  Vc  a 1.2  V [31. 

O 

me  lowest  impedance  state  has  no  upper  limit  of  current  which  may  be 
passed  through  the  device  other  than  that  which  may  damage  the  device.  Typical 
devices  can  pass  in  excess  of  103  A/cm2  without  damage;  one  run  of  devices 
fabricated  using  silicon-rich,  silicon  nitride  passed  direct  currents  for 

3 2 

several  hours  without  damage  with  current  densities  in  excess  of  8.3  x 10  A/cm 
wh.  n the  bo  um  thick  chips  were  soldered  to  copper  heat  sinks  which  were  kept  at 
2^°C  ambient  temperature. 

In  the  intermediate  impedance  level  state,  however,  there  is  both  an 
upper  ind  a lower  limit  to  the  current  which  is  possible.  Attempts  to  increase 
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the  current  density  above  the  upper  limit  (above  about  12  mA  for  the  device  of 
l‘iq,  3(b))  result  in  a transition  to  the  lowest  impedance  state.  The  uppei  limit 
of  current  density  foi  the  intermediate  impedance  state  has  been  observed  to  be  .is 
low  as  5 A/cm‘  and  as  larqe  as  50  A/cm  for  devices  studied  to  date.  This  maxi- 
mum current  which  can  exist  in  the  intermediate  state  is  called  Imax*  the  minimum 
current  is  called  I . . I . is  usually  found  to  be  less  than  Ic  for  the  same 
device,  rhe  approximate  voltaqe  at  which  the  intermediate  impedance  level  occurs 
will  be  denoted  by  V.  . Typical  devices  in  which  an  intermediate  level  impedance 
state  is  observable  have  6 V < 12  V. 

C.  Load  Line  i ffects  and  Optically  Triggered  Switching 

The  switching  of  an  ICS  diode  from  one  impedance  state  to  another  is 
partially  determined  by  the  load  resistance  R^  which  is  placed  in  series  with 
the  device  and  a voltage  source.  Consider  a specific  value  of  * R^,  where 

R * VTH  " Vln  . (d) 

Li  j 

max 


If  the  source  voltage  V shown  in  the  insert  to  Fig.  4 is  increased  from  zero, 

the  device  will  remain  in  the  high  impedance  state  until  the  collector  voltage 

V reaches  V^,,.  Any  further  increase  in  V will  cause  a transition  to  the  inter- 

mediate  state  at  point  A on  Fig.  4.  If  V is  then  decreased  the  device  will 

remain  in  the  low  impedance  state  till  I . is  reached.  Any  further  decrease 

min 

in  V will  cause  a transition  back  to  the  high  impedance  state  at  point  C of 

Fig.  4,  where  Vcr  > V.  . On  the  other  hand,  if  the  source  voltage  is  increased 
tvj  i n 

when  the  device  is  in  the  intermediate  impedance  state,  the  current  will 

increase  until  I is  obtained  at  point  D in  Fig.  4.  Any  further  increase 
max 

in  V will  result  in  a transition  to  the  low  impedance  state  at  point  E of  Fig.  4, 
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where  V ^ in'  'Dr‘n9  t,1£>  diode  out  of  the  low  impedance  state  the  source 
voltage  V must  be  lowered  until  the  current  flowing  through  the  device  is  just 
below  I( . Phe  device  will  then  make  a transition  to  the  high  impedance  state  at 
point  G of  Fig.  4. 

Fven  though  a device  does  have  an  intermediate  impedance  state,  its 
existence  may  not  be  apparent  in  all  experiments.  Consider  the  choice  of  a 
load  resistance  , where 


u _ u 

< TH  vin 


L2 


max 


(5) 


For  such  a value  of  the  load  line  which  crosses  the  device's  I-V  curve  at 
I 3 1. and  V 3 V will  not  intersect  the  I-V  characteristics  of  the  intermediate 
impedance  state.  As  shown  in  Fig.  4,  any  increase  in  V beycad  the  point  where 
Vrr  “ Vm’  wil1  result  in  a direct  transition  to  the  low  impedance  state  at  point 
H of  Fig.  4. 

In  the  above  discussion  it  was  tacitly  assumed  that  the  device  was  not 
illuminated.  Three  changes  occur  in  the  device's  I-V  characteristics  when 
intrinsic  radiation  is  applied  to  the  device:  A reduction  in  V_..,  an  increase 

1 M 

in  current  carried  in  the  high  impedance  state,  and  for  many  devices,  a decrease 
in  1^.  With  proper  adjustment  of  bias  supply  voltage  and  load  resistance,  these 
latter  devices  can  be  made  to  undergo  a nonlatching  transition  to  the  low 
impedance  state  if  the  transition  is  triggered  by  low  light  levels.  Except  for 
this  special  situation,  however,  if  the  threshold  voltage  Vy^  is  changed  from 
V ijj  ’ Vj...  to  V^j'  VFC  by  optical  excitation,  then  the  transition  to  a lower 
impedance  is  generally  a latching  transition  for  diodes. 

If  the  load  resistance  of  a particular  diode  is  low  enough  to  satisfy 
the  inequality  of  Eq.  (5),  the  device  may  nevertheless  be  brought  to  the 
intermediate  impedance  state  through  optical  excitation,  even  though  this  state 


-no- 


is  not  accessible  in  the  dark.  This  is  possible  because  the  locd  line  which 
intersects  the  optically  reduced  can  also  intersect  the  intermediate 
impedance  state. 

Two  experiments  were  performed  which  supply  some  quantitative  informa- 
tion on  the  optical  suppression  of  V^.  The  devices  chosen  for  this  experiment 
had  300  \ of  highly  conductive  silicon-rich  silicon  nitride  as  the  insulator  and 

the  6 urn  deep  junctions  were  formed  by  epitaxial  growth.  The  devices  were 

-2 

scribed  into  square  chips  5 x 10  cm  on  a side  which  defined  their  emitter  junc- 

-2 

tion  areas,  and  their  opaque  circular  collector  contacts  had  a 2.5  x 10  cm 
diameter.  Under  intense  tungsten  lamp  illumination  (about  1500  ft.  candles)  the 
dark  threshold  voltage  was  reduced  from  15  V to  7.5  V.  With  weaker  fluorescent 
light  illumination  (s-  35  ft.  candles)  the  threshold  voltage  was  reduced  by  0.5  V. 

The  sensitivity  of  to  light  supports  the  basic  model  of  device 
operation.  Clearly,  the  creation  of  electron-hole  pairs  by  optical  excitation 
will  aid  the  development  of  an  inversion  layer  at  lower  collector-emitter 
vol tages. 

D.  Negative  Resistance  and  Uniformity  of  Conduction 

The  curves  of  Figs.  3 and  4 do  not  explicitly  show  that  a well-defined 
and  continuous  characteristic  exists  between  and  the  low  (or  intermediate) 
impedance  state.  This  differential  negative  resistance  (DNR)  portion  of  the  I-V 
characteristic  can  be  traced  with  direct  current  if  a sufficiently  high  value  of 
load  resistance  R^ 


V - V 
R > Jh _S 

I - I 
S TH 


(6) 


is  used.  Depending  upon  the  reactance  in  the  external  circuit,  oscillation  from 
several  kHz  to  several  tens  of  MHz  has  been  observed  if  the  load  line  crosses 
only  the  DNR  portion  of  the  I-V  characteristics  as  is  required  by  the  inequality 
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of  Fq.  (b).  Hie  ICS  therefore  is  a "negative  resistance  device  without  memory" 
rutnoi  than  a "switching  device  without  memory"  according  to  the  classification 
of  Frit.?. sene  and  Ovsninsky  [13]. 

Different  runs  of  ICS’s  have  shown  both  uniform  and  nonuniform  con- 
duction across  the  collector  region  when  biased  in  their  low  impedance  state. 
rne  uniformity  of  conduction  can  be  inferred  from  experiments  in  which  the  sus- 
taining current  ]g  is  measured  after  consecutive  reduction  of  the  same  collector 
ana  by  etching.  Devices  which  show  an  I„  which  is  reduced  in  proportion  to  area 
..re  often  structures  which  have  a high  sheet  resistance  (>  10  fl  per  square)  of 
their  base  region  and  whose  V.^  is  not  greatly  sensitive  to  temperature  fSec.  IV). 
Devices  which  have  the  lowest  observed  values  of  Ig  nearly  always  have  uniform 
or  nearly  uniform  conduction.  In  order  to  observe  an  Ig  that  is  proportional  to 
area,  careful  etching  (smooth  new  perimeter  and  complete  removal  of  unwanted 
collector  metal)  must  be  performed  in  defining  the  collector  metallization 
because  the  most  commonly  observed  nonuniform  current  distribution  is  a greater 
current  density  which  flows  near  the  perimeter  of  a collector  metallization. 

Certain  runs  of  devices  clearly  evidence  an  extremely  nonuniform  con- 
d act  ion  in  their  low  impedance  state.  This  can  be  demonstrated  if  the  collector 
of  such  a device  is  divided  in  half  by  etching.  If,  as  is  sometimes  observed, 
one  half  of  the  dewce  has  the  same  Ig  and  as  the  original  device,  the 
other  half  will  invariably  show  a higher  VTH  with  generally  a different  value  of 
! Nonuniform  conduction  in  the  low  impedance  state  is  not  completely 
unexpected  for  these  structures  since  they  have  a current  controlled  DNR.  Die 
region  with  the  lowest  value  of  will  conduct  first.  Furthermore,  the 
temperature  of  this  region  will  be  raised  with  respect  to  that  of  the  rest  of 
the  device,  and  therefore  the  lower  region  will  tend  to  remain  conducting 
since  the  V.^  will  be  lowered  further  as  described  in  Sec.  IV.  Note  that  this 
argument  falls  short  of  demanding  filamentary  conduction  since  the  insulator  does 


not  possess  a bulk  DNR  [14].  Lateral  voltage  drops  produced  by  internal  base 
resistance  and  collector  sheet  resistance  will  tend  to  provide  for  more  uniform 
breakdown, as  will  the  presumably  uniform  injection  of  minority  carriers  from  the 
emitter. 

Even  the  most  nonuniformly  conducting  devices  could  be  cycled  between 
their  low  and  high  impedance  states  more  than  10  times  (the  highest  number 
attempted)  without  damage.  Examining  devices  for  nonuniform  temperature 
distribution  by  coating  the  surface  of  the  wafer  with  a temperature-sensitive 
liquid  crystal  film*  revealed  that  all  devices  conduct  extremely  uniformly  at 
higher  current  densities  (xi  b0  A/cm  ),  even  if  their  conduction  at  low  current 
was  localized.  The  liquid  crystal  experiments  also  confirmed  that  a uniform 
temperature  distribution  existed  across  the  collectors  of  devices  even  at  low 
currents  if  the  devices  were  of  the  typo  whose  I<~  was  proportional  to  area. 

IV.  TEMPERATURE  DEPENDENCE  OF  VTH 

All  ICS  devices  show  a decrease  in  V^H  if  the  ambient  temperature  T is 
raised  sufficiently.  Certain  ICS  devices  have  an  extremely  sensitive  depen- 
dence of  V.ru  upon  T (dV-nj/dT  « - 1 VA)  over  certain  temperature  ranges  [21, 
iH  In 

Tib-1  ; other  ICS  devices  have  a threshold  voltage  nearly  independent  of  tempera- 
ture below  200°C  [4t,  [161.  The  structural  variations  responsible  for  this 
divergent  behavior  will  be  described. 

A.  Effect  of  Conducting  "Insulator"  Material 

The  choice  of  insulator  material  can  affect  dV^/dT.  Figure  6 dis- 
plays VrH(T)  for  three  different  device  structures.  Two  of  these  devices  had 
identical  semiconductor  structures  but  differed  only  in  the  composition  of 
their  insulator  layer.  A marked  temperature  dependence  of  is  observed  for 

* Cholesteric  liquid  crystal  kit  obtained  from  Visual  Products  Division  3M 
Company,  Cincinnati,  Ohio. 
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THRESHOLD  VOLTAGE  VTH(V) 


AMBIENT  TEMPERATURE  (“C> 

FIG.  6 Diode  threshold  voltage  V „ as  a function  of  ambient  temperature  for 
three  different  ICS  structures,  all  fabricated  from  the  same  silicon 
material  which  had  a relatively  lightly  doped  base  region. 


both  of  trie  devices  which  have  the  same  semiconductor  structure  (n/p*),  with  the 

1*^ 

density  ot  the  ionized  donors  equal  to  1 x 10  /cm  . 

A partial  explanation  of  this  behavior  involves  the  different  tempera- 
ture dependences  of  conduction  across  the  p-n  junction  and  the  metal-insul  'tor- 
semi  conductor  interface.  The  minority  carrier  current  injected  by  the  junction 
will  have  a temperature  dependence  of  the  form  exp[-q(V^  - V)/klj,  where  is 
the  silicon  bandgap  voltage  and  V is  the  forward  voltage.  All  of  the  silicon 
nitrides  investigated  as  ICS  insulators  have  been  found  to  have  a relationship 
between  current  I and  voltage  V of  the  form 

I = 1 expiq/kTlf  -<p  + a J V]  } ( ’ ) 

0 ^ 

for  current  densities  which  include  I ^ and  1^  [21.  Here  IQ  and  a are  material 

constants  and  ^ is  a trap  or  barrier  height.  For  the  30  \ silicon  oxynitride 

9 sa  O.bb  eV  and  for  the  300  A.  silicon-rich  nitride  tp.  « 0.4B  eV. 
t L 

Ihe  effect  of  this  different  temperature  dependence  of  conductivity 
upon  ICS  device  properties  can  be  pictured  in  the  following  manner.  Suppose  an 
ICS  device  is  biased  just  below  V.^.  In  such  a situation  the  minority  carriers 
injected  into  the  bast-  region  arrive  at  the  silicon-insulator  interface  at  a 
rate  which  is  just  insufficient  to  permit  a strong  inversion  layer  to  form.  If 
the  temperature  is  increased,  an  inversion  layer  can  form  even  though  the  voltage 
is  not  increased  because  the  junction's  temperature  dependence  of  conductivity 
is  greater  than  that  of  the  insulator  (V  > <?.  ).  Thus,  even  though  the 
insulator  can  pass  more  current  at  a higher  temperature,  an  inversion  layer  will 
form  (causing  the  creation  of  the  low  impedance  state)  because  the  junction 
will  inject  minority  carriers  toward  the  insulator  at  an  even  higher  rate. 

This  explanation  of  the  temperature  dependence  of  V^(  is,  however, 
incomplete  because  the  relations  expressed  by  Eq.  (7)  were  measured  under 
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conditions  oi  accumulation  rather  than  depletion  and  inversion,  and,  therefore, 
do  not,  necessarily  express  the  conduction  across  the  insulator  of  the  majority 
tnd  minority  carriers  of  the  base  region  individually.  The  explanation  therefore 
admits  neither  the  possibility  of  a generalized  multiplication  at  the  insulator- 
semiconductor  interface  (a  specific  example  of  which  was  discussed  by  Green  and 
Shew chun  [17]  for  thin  SiCb,  layers  which  conduct  by  tunneling)  nor  a rapid  change 
in  the  ratio  of  electron-to-hole  currents  as  an  incipient  inversion  layer  develops 
Hie  latter  possibility  could  occur  because  of  a change  in  the  population  of  inter- 
face states  with  inversion.  The  importance  of  interface  states  in  conduction 
through  metal-insulator-semiconductor  structures  has  been  discussed  by  Card  and 
Khoderi ok  [Id],  for  example.  The  data  of  Fig.  6 do,  however,  indicate  a more 
sensitive  dependence  of  upon  T for  the  insulator  with  the  smaller  S>t  and 
additional  experiments  on  different  silicon  nitrides  confirm  this  simple  explana- 
tion [191. 

if.  Devices  With  Barrier  Emitters 

The  inversion-controlled  conduction  phenomenon  has  been  observed  in 
M/l/n/M  structures  which  have  a Schottky-barrier  contact  to  the  n-type  base  as  a 
metal  emitter  [16].  A Schottky-barrier  contact  can  inject  minority  carriers 
into  silicon,  especially  at  high  current  biases  [20].  Specific  use  of  this 
injection  mechanism  is  made  in  MSM  and  BARITT  diodes  [21],  [2«-]. 

me  temperature  dependence  of  the  threshold  voltage  of  an  Kb  device 
with  a PtSi  Schottky-barrier  emitter  is  shown  in  Fig.  6.  The  metal-conducting 
insulator  region  of  this  device  and  the  doping  of  its  n-type  base  were  identical 
to  that  of  the  meta ! /si  1 i con  oxynitride/n/p+  device  whose  temperature  depen- 
dence of  VTf|  is  also  shown  in  Fia.  6.  Following  the  deposition  of  the 
silicon  oxynitride  and  the  collector  metallization,  the  wafer  was  divided  in 
half.  One  half  had  its  p+  substrate  removed  by  chemical  polishing*  the  final 


thickness  of  the  part  of  the  wafer  was  8 p,m,  while  the  original  thickness  of  the 
n-epi tax  la  1 layer  was  10  pin.  After  the  half  of  the  wafer  had  Been  thinned  and 
sputter  etched,  Pt  was  deposited  on  its  back  surface.  The  Pt  was  reacted  at 
WV  to  form  PtSi . The  other  half  of  the  wafer,  which  still  had  its  p sub- 
tr.te,  was  subjected  to  the  same  heat  cycle  in  order  to  ensure  that  both  the 
p*  and  PtSi  emitter  devices  had  the  same  annealing  of  their  silicon  oxynitride 
insula  tor  layers  in  contact  with  the  molybdenum  collector  metallization.  Hie 
observed  temperature  variation  of  of  the  PtSi  emitter  device  is  significantly 

smaller  than  that  of  the  p*  emitter.  This  behavior  is  generally  observed  for 
Schottky-barrier  emitters,  although  the  data  of  Fig.  6 represent  the  only  case 
in  which  great  care  was  taken  to  ensure  that  the  collector  s metal  and 


i n 


sulator  layers  and  the  base  doping  were  identical  to  a comparison  M/l/n/p 


dovi ce. 

The  ratio  of  electron  and  Hole  currents  crossing  the  Schottky  barrier 

will  differ  from  that  of  a p+-n  junction  [201,  [211  and  therefore  a different 

distribution  of  voltage  between  the  collector  depletion  region  and  the  emitter 

junction  or  barrier  will  be  obtained  at  the  threshold  voltage  condition  of  the 

two  silicon  oxynitride  devices  of  Fig.  6.  Furthermore,  a component  of  hole  cur 

rent  t crossing  the  device  may  be  expected  to  have  a dependence  on  temperature 
P 

md  voltage  across  the  barrier  expressed  by 


1 - A T“  exp[  ( -q/kT)  (<P  + VR  - V)j 

DP  P u 


whore  A * is  the  effective  Richardson  constant  for  holes,  «P  is  the  barrier 
P P 

neinht  for  holes  emitted  from  the  metal  into  the  silicon  and  V,3  is  the  bar- 
rier's built-in  voltage  [221.  Since  *p  « 0.2  V for  a PtSi-Si  barrier  and 
V o.O  V,  it  may  be  expected  that  the  temperature  dependence  of  the  PtSi 
emitter  will  be  less  than  that  of  junction  emitter  where  Vg  « 1.15  V.  in  agree- 


ment with  the  data  of  Fig.  6. 
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tL  3r,; 


• Devices  With  Heavily  Doped  baser. 


If  connections  ore  made  only  to  the  collector  and  base  teiminals,  it 
is  possible  to  de to i mine  the  avalanche  breakdown  voltage  Vft  of  the  collector  from 
1-V  character! sties  and  the  punch-through  voltage  of  the  collector  depletion 
layer  to  the  emlttei  from  C-V  characteristics  (if  Vp  < VA).  ( Inversion  wi  11  not. 
occur  if  the  emit  It*  j terminal  is  left  open  r 6"!  • ) All  t tie  devices  described  pre- 
viously had  V v Vft.  A quite  different  behavior  of  l)  is  observed  if 

v V'n,cirj]* 

Devices  with  VA  *-  V can  be  fabricated  by  either  usino  more  heavily 
doped  epitaxial  layers  (or  thicker  epitaxial  layers)  or  alternately  by  producing 
the  base  layer  by  diffusion.  Figure  7 presents  the  variation  of  V.^  as  a func- 
tion of  temperature  for  three  different  semiconductor  structures.  The  curve 
which  shows  the  smallest  variation  in  VTH  with  I is  a device  produced  by  dif- 
fusion of  boron  into  a n-epitnxial  layer  grown  on  an  r/  substrate.  The  sheet 
resistance  of  the  diffused  p-type  layer  was  approximately  100  ohms  per  square 
(its  junction  depth  was  2.5  ^m).  The  insulator  layer  of  this  device  was  produced 
in  a manner  novel  for  ICS  devices;  a silicon-rich  nitride  was  deposited  after 
the  diffusion  and  then  it.  was  converted  to  a silicon  oxynitride  layer  by  anneal- 
ing in  dry  oxygen  for  an  hour  at  1150  C [231,  T241. 

Hie  diffused  device  with  the  greater  dependence  of  upon  T had  an 
insulator  layer  of  30  A of  silicon  oxynitride  formed  by  a procedure  which  is 
identical  to  that  used  to  form  the  silicon  oxynitride  devices  whose  Vth(T) 
cut ves  were  displayed  in  Fig.  6.  The  diffused  p region  of  this  device  had  a 

3 

sheet,  resistance  of  -10  ohms  per  square. 

ihe  third  device,  whose  V.^(T)  is  displayed  as  a curve  in  Fiq. 
wis  fabricated  from  an  epitaxially  grown  junction  rather  than  a diffused 
junction.  ihe  doping  density  of  the  epitaxial  base  region,  as  determined  from 
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FIG. 
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1 " 3 

i -V  it  ensurements,  was  3 x 10  cm  , which  is  significantly  higher  than  the 
lb  -3 

1 x 10  cm  used  in  the  devices  of  Fig.  6.  The  avalanche  breakdown  voltage  of 

l h»  base  l iyoi  of  this  device  was  determined  to  be  ?4  V from  measurements  on  the 
breakdown  voltage  of  the  collector-base  terminals.  At  this  voltage  a surface 
depletion  layer  width  of  1 ^m  was  obtained,  which  was  significantly  less  than 
the  base  layer  width  of  4 ^m.  The  insulator  used  to  fabricate  this  device  was 
again  the  30  °\  of  CVD  silicon  oxynitride  used  in  many  of  the  previously  discussed 
devices.  The  temperature  dependence  of  upon  T is  significantly  reduced  for 
this  device  with  the  more  heavily  doped  base  compared  to  the  devices  of  Fiq.  6. 

the  lower  sensitivity  of  V„,  to  T for  devices  which  have  V.  < V can 

' TH  A p 

be  qualitatively  explained  by  considering  the  triggering  mechanisms  which 
Initially  produce  the  inversion  layer.  Recalling  that  VTU  < V , it  is  clear 

1 H p 

that  there  can  be  only  a small  amount  of  multiplication  in  the  collector  deple- 
tion layer  for  devices  which  have  < V^.  The  supply  of  minority  carriers 
which  produce  the  inversion  is  therefore  controlled  exclusively  by  an  extremely 
temperature-sensitive  mechansim:  injection  by  a forward-biased  junction. 

For  devices  which  have  < V^,  the  supply  of  minority  carriers  which 
can  trigger  the  inversion  is  at  least  partially  controlled  by  avalanche  multi- 
plication. The  ionization  coefficients  will  decrease  with  increasing  temperature 
[ 2b "I,  thereby  tending  to  increase  V_^  with  increasing  temperature.  An  increase  of 
V ni  with  I'  is  not  usually  observed,  however,  since  the  triggering  of  the  low 
impedance  is  also  partially  determined  by  injection  of  minority  carriers  into  the 
surface  depletion  zone  from  the  emitter  junction,  and  this  latter  process  will 
increase  with  temperature.  The  lower  temperature  sensitivity  of  the  change  in  V ^ 
with  T for  devices  with  heavily  doped  base  regions  is  readily  explained  by  the  above 
considera tions,  however.  Finally,  it  should  be  emphasized  that  even  though  avalanche 
multiplication  helps  to  initiate  the  low  impedance  state  for  devices  with  heavily 
doped  bases,  the  low  impedance  state  is  maintained  solely  tV  emitter  injection 
since  V is  Loo  low  to  permit  significant  multiplication. 
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V.  SUMMARY  AND  CONCLUSIONS 


A description  of  the  important  steady-state  characteristics  of  the  two- 
ti: nn ln< 1 1 inversion-controlled  switch  has  been  presented.  The  generality  of  the 
ill  hi nt.il' l<'  imped. nice  states  in  metal/ conducting  iii'.ulatoi  / 
semiconductor- junction  (barrier)  structures  has  been  emphasized.  A wide  variety  of  struc- 
tural variations  has  been  discussed;  in  particular,  the  choice  of  insulator 
material  is  not  critical  for  observation  of  the  phenomenon.  All  insulator 
materials  used  to  fabricate  these  structures  have  resulted  in  the  inversion- 
controlled  conduction  phenomenon  being  obtained  if  the  insulator  layer  was  of 
appropriate  thickness. 

Without  being  stressed  to  the  point  of  permanent  change  or  damage,  an 
ICS  can  conduct  direct  current  more  than  10^  times  greater  than  would  be 
necessary  for  operation  of  the  device  in  digital  circuits.  The  device  is  there- 
fore in  no  sense  fragile  even  though  some  structural  variations  have  relatively 
thin  insulator  layeis.  Other  variations  of  the  devices,  particularly  those 
using  OVD  polysilicon  as  the  insulator  layers,  need  not  have  any  layer  thinner 
than  0.2  - 1.0  ^m. 

ICS  devices  potentially  could  be  used  in  a variety  of  applications. 

If  a device  structure  is  chosen  which  has  a temperature-sensitive  threshold 


voltage,  then  the  device  could  be  used  as  a temperature  sensor  or  an  alarm; 
devices  with  temperature-insensitive  threshold  voltages  could  be  used  as  light- 
sensitive  alarms,  in  special  fusing  applications  or  in  digital  applications 
because  of  their  binary  impedance  states.  Among  these  are  cross-bar  switching 
matrices,  and  controlled  rectifiers,  as  well  as  memory  and  logic  applications.  The 
latter  two  will  be  described  in  subsequent  publications. 
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PRECEMNG  PAM 


ABSTRACT 


The  direct  current-voltage  (I-V)  characteristics  of  three  terminal 
inversion  controlled  Switches  are  described.  These  devices  are  layered  sequences 
of  metal/conducting  "insulator"/semiconductor  junction  with  electrical  terminals 
at  the  metal  and  both  sides  of  the  junction.  If  a bias  is  applied  between  the 
met il  and  the  far  side  of  the  junction,  in  the  sense  which  tends  to  deplete 
the  surface  and  forwrrd  bias  the  junction,  the  device  shows  bistable  impedance 
states  similar  to  the  current-voltage  characteristics  of  a silicon-controlled 
rectifier.  The  intermediate  terminal  which  contacts  the  semiconductor  region 
between  the  insulator  and  the  junction,  can  be  used,  in  proper  circuit  and  bias- 
ini  arrangements,  to  switch  the  device  both  into  and  out  of  its  low  impedance 
state  without  varyiii}  the  voltage  supplied  to  the  outer  terminals  of  the  device 
and  t series-connected  resistor.  The  I-V  characteristics  of  these  three  terminal 
devices  support  the  inversion-controlled  conduction  model  of  device  behavior 
which  permits  high  conductivity  of  the  device  only  when  inversion  of  the  semi- 
conductor surface  occurs.  The  high  and  low  impedance  states  and  the  pulses 
required  to  induce  transitions  between  states  are  contained  entirely  within 
the  "active"  bias  configuration  for  these  devices,  which  is  defined  by  analogy 
with  the  active  bias  region  of  conventional  bipolar  transistors. 
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IN  I'UOPlJlTI  ION 


llii  t.uriciii -vo  I lugt>  (i-V)  ctuiiad.i'i  ir.tics  of  .1  wide  v.ii'uty  ot  sl.ruc- 
tural  variations  of  two  terminal  inversion-controlled  switches  (ICS)  have  been 
described  in  the  preceding  paper  [lj  (hereafter  called  I).  This  pap;r  contains 
,1  description  of  the  steady-state  properties  of  the  more  interesting  and  important 
three- f ermina 1 versions  of  these  devices.  Like  the  two  terminal  devices  of  I,  the 
throe  terminal  devices  are  a layered  sequence  of  metal/conducting  "insulator"/ 
n-type  si  1 i con/p- type  silicon  or  metal/conducting  "insulator"/p-type  silicon/ 
n- type  silicon.  While  the  two  terminal  devices  had  electrical  contact  made  only 
to  the  metal  and  the  far  side  of  the  p-n  junction,  the  three  terminal  devices 
which  are  the  subject  of  this  paper  also  have  electrical  contact  to  the  semicon- 
djetor  region  between  the  insulator  and  the  junction  [2]-[41, 

T"/o  typical  device  structures  which  have  been  studied  are  diagrammed 
in  Fig.  1 for  the  M/l/p/n  type  of  structure.  The  "emitter,"  "base"  and 
"collector"  regions  are  defined  by  analogy  with  the  functions  performed  by  the 
corresponding  parts  of  a conventional  bipolar  transistor  [2].  The  "emitter"  of 
in  LCS  infects  minority  carriers  into  the  "base"  region.  Like  the  collector  of 
a bipolar  transistor,  the  "collector"  of  an  ICS  has  a depletion  region  which 
sweeps  up  minority  carriers  from  the  base.  It  is  important  to  note  that  the  base 
electrode  does  not  make  contact  with  the  collector's  depletion  zone.  The  base 
terminal,  therefore,  functions  largely  as  an  independent  control  of  the  emitter- 
base  potential.  Prooosed  circuit  symbols  for  the  ICS  transistor  have  been 
introduced  in  I. 

This  paper  is  descriptive  and  emphasizes  the  evidence  provided  by  the 
behavior  of  the  three  terminal  devices  for  the  inversion— controlled  conduction 
model  of  device  behavior  [bj.  This  model  associates  the  low  and  high  impedance 
states  with  the  presence  or  absence,  respectively,  of  an  inversion  layer  at  the 
semiconductor  surface  [1],  L2j,  [5]. 
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f'IG.  1 Cross  sectional  views  of  two  typical  three  terminal  ICS  structures 
illustrated  for  M/l/p/n  device. 

fop:  Epitaxially  grown  junction. 

Bottom:  Diffused  junction. 
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The  full  range  of  behavior  of  three  terminal  ICS  l-V  characteristics 
j r,  pro  sen  ted.  The  grounded  emitter  characteristics  are  described  in  Sec.  II, 
including  for  the  first  time  a description  of  the  capability  of  the  third  inter- 
mediate (base)  terminal  to  switch  a device  out  of  its  low  impedance  state.  I he 
grounded-base  characteristics  of  the  ICS,  which  have  not  previously  been  dis- 
cussed, are  presented  in  Sec.  III.  The  switching  characteristics  of  ICS  devices 
are  mentioned  in  Sec.  IV.  Section  V summarizes  the  paper  and  includes  a dis- 
cussion of  possible  applications. 

II.  GROUNDED  EMITTER  I-V  CHARACTERISTICS 
A.  Reduction  of  VT]1  by  Base  Current 

Trie  three  terminal  I-V  characteristics  of  devices  which  have  electrical 
connection  to  each  of  the  emitter,  base,  and  collector  regions  have  already  been 
described  for  one  particular  device  structure  [2].  The  basic  observation  is  that 
the  collector  threshold  voltage  VTH  measured  with  respect  to  the  emitter  is 
lowered  when  the  emitter-base  junction  is  forward  biased  by  means  of  the  base 
contact.  (The  threshold  voltage  VJH,  which  is  the  highest  voltage  which  can  be 
applied  to  an  ICS  device,  'as  been  previously  defined  [1]-[31,  [51.)  This  is  in 
agreement  with  the  inversion  controlled  conduction  model  of  device  behavior: 
Increasing  the  forward  bias  of  the  junction  will  increase  the  minority-carrier 
concentration  in  the  base,  thereby  limiting  the  capability  of  the  insulator  to 
discharge  the  incipient  inversion  layer.  Independently  increasing  the  junction's 
rate  of  minority-carrier  injection  into  the  base  by  using  three  terminal  devices 
should  therefore  lower  the  emitter-collector  threshold  voltage  V^  for  transi- 
tion into  the  low  impedance  state. 

The  lowering  of  the  threshold  voltage  by  a forward  emitter  junction 
current  is  found  in  all  three  terminal  structures.  The  device  structure  described 
in  Ref.  [2],  which  was  a M/polysilicon/p/n+  structure,  was  exceptional  with 
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These  devices 


re 


spool  to  the  extreme  sensitivity  of  its  VTH  to  the  base  current  I£ 


had  V (1  ) given  by 


vm(IB)  « 9 " (3‘6  x 10  0)ib’  for  xb  - 20  ’ 


(1) 


where  V (I  = 0)  = 9 V was  the  threshold  voltage  of  the  equivalent  diode  struc- 
ture  with  the  base  terminal  left  unconnected  [2].  Other  structures,  including 
M/Si02/n/p+  devices,  have  shown  a similar  sensitive  linear  suppression  of  V.fH 
with  increasing  I0.  For  example,  V^Ig)  obtained  with  a 3b  A Si02  layer  device 
whose  C-V  characteristics  were  displayed  in  Fig.  b of  I,  is 


VruUJ  = 13.4  - (3.7  X 105  Q)  IB,  for  Ifi  ^ 2b  pA  . (2) 

A more  typical  relationship  between  and  I0  is  shown  in  Fig.  2. 

These  data  were  obtained  from  a M/silicon-rich,  silicon  nitride/p/n+  device. 
Besides  having  a significantly  smaller  value  of  IdV^/dl^,  these  data  also  show 
that  IdV  u/dID>  decreases  with  increasing  I , unlike  the  linear  relationship  of 
|.;qs.  (l)  and  (2).  The  devices  from  which  these  data  were  obtained  had  the  same 
area  (1.27  \ 10"4  cm2)  as  the  devices  whose  behavior  is  described  by  Eqs.  (l) 

and  (2). 

The  application  of  a base  current  to  the  device  usually  has  no  effect 
upon  the  characteristics  of  the  low  impedance  state  other  than  a slight  increase 
in  V , which  is  usually  much  less  than  0.1  V.  (Tbe  sustaining  voltage  V s is  the 
minimum  voltage  of  the  low  impedance  state  and  has  been  described  in  I.)  The 
introduction  of  a circuit  connection  between  emitter  and  base  can  have  an 
important  effect  upon  the  low  impedance  state,  however,  and  this  effect  will  be 

described  in  the  next  section. 
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FIG.  2 Variation  of  grounded  emitter  threshold  voltage  as  a function  of 
applied  base  current  Ig  for  a metal-silicon-richj  silicon  nitride- 
p-n  device. 
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Li.  iffects  of  '-mitl.cr-Base  Shunt  Resistance 


Yhroo  changes  in  l-V  characteristics  occur  whore  a shunt  resistance  Rg 
i p]nr,«'()  between  lim  emitter  anti  base  terminals  of  an  ICS  device.  Hie 
Me  I lining  mu  tent  l:  (the  minimum  current  of  the  low  Impedance  state  as  discussed 
in  detail  in  I.),  the  sustaining  voltage  of  the  intermediate  state,  as 
defined  in  I.,  and  the  threshold  voltage  V.^  of  the  high  impedance  state,  are 
increased  by  a shunt  conductance.  The  changes  in  Vg  are  small,  usually  not 
exceeding  10%  and  often  being  less  than  0.1  V with  the  single  exception  of  cer- 
tain M/SlO^/n/p'*  devices,  where  Vg  was  increased  from  2.0  to  4.5  V.  Figures  3 and 
4 illustrate  the  variation  in  lg  and  V^  as  a function  of  the  emitter-base  shunf 

resistance  II,  for  devices  which  have  M/SiO^/n/p  and  M/polysilicon/p/n  struc- 

b *- 

tures,  respectively.  The  insert  to  Fig.  3 shows  the  circuit  used  to  obtain  the 


da  t.  i . 

Different  ICS  structures  show  different  changes  in  Ig  and  with  Rg. 

The  maximum  ratio  of  lg(Rg  *,  0)/lg(Rg  ^ ,u)  “ 30  has  been  observed  for  M/SiO^n/p-* 

devices;  the  minimum  ratio  of  Ig(Rg  « 0)/lgRg  ^ 00 ) * 1.3  das  been  observed  for 

M/SiO  N /p'/h/n*  devices.  In  most  device  structures  Ig  changes  by  a factor  of 
x y 

three  t.o  six  when  a low  value  of  Rg  is  used  to  shunt  the  emitter  and  base. 

The  inversion-conti  led  conduction  model  of  device  behavior  is  in 
agreement  with  the  qualitative  variation  of  both  and  Ig  with  Rg.  Shunting  of 
the  emitter  junction  requires  that  a smaller  fraction  of  the  current  drawn  across 
the  collector  results  from  injection  of  majority  carriers  of  the  emitter  into  the 
base.  If  a device  is  in  the  high  impedance  state  a higher  voltage  is  required  to 
develop  an  incipient  inversion  layer  at  the  semiconductor-insulator  interface. 

It  a device  is  in  the  low  impedance  state,  a higher  current  must  be  used  to  main- 
tain the  inversion  layer. 

mere  are  also  practical  applications  for  the  variations  of  Ig  with  R; 
in  contrast  with  the  behavior  of  diodes,  the  dependence  of  Iy  upon  Rg  provides  a 
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THRESHOLD  VOLTAGE  VTH  (V) 


for  switching  a device  out  of  its  low  impedance  state  without  lowering  the  col- 
lector voltage.  The  only  requirement  is  that  the  collectoi  current  Ic  (determined 
by  Rj  and  V,  shown  in  the  insert  to  Fig.  5)  be  not  greater  than  Ig(Rs tv  0 ) in  the 
low  impedance  state.  As  shewn  in  Fig.  5,  a transition  from  point  A in  the  low 
impedance  state  to  point  B in  the  high  impedance  state  is  possible  without  reduc- 

inq  I to  I„(R„~“).  The  variable  shunt  resistance  R~  has  been  provided  by 
3 C S b ~ ° 

variable  resistors,  FET's  or  other  ICS  devices. 

C.  Latching  vs  Nonlatchinq  transitions 

If  a dc  voltage  is  applied  to  the  series  combination  of  the  device  and 
a load  resistor  and  V_u  is  reduced  by  application  of  base  current,  then  the 
device  will  generally  remain  in  its  low  impedance  state  even  after  the  base  cur- 
rent is  removed.  Such  a transition  to  the  low  impedance  state  is  called  a latch- 
ing transition.  The  inclusion  of  an  emitter-base  shunt  resistance,  as  shown  in 
the  insert  to  Fig.  5,  permits  the  possibility  of  nonlatching  transitions  in 
which  the  device  returns  to  the  low  impedance  state  following  the  removal  of  the 
base  current  pulse. 

In  order  to  observe  nonlatching  transitions,  the  collector  supply 
voltage  V and  the  collector  load  resistance  RL  must  be  chosen  so  that  the  inter- 
action of  the  load  line  with  the  low  impedance  characteristic  occurs  at  a current 
less  than  I (R„).  The  application  of  base  current  will  permit  the  device  to 

O <3 

trace  out  a low  impedance  state  characteristic  to  lower  values  of  current  and 
this  characteristic  is  essentially  identical  to  that  which  could  be  obtained 
with  a higher  value  of  Rq  but  without  the  base  current.  A possible  nonlatching 
transition  could  therefore  be  from  B -•  A -*  B of  Fig.  5,  with  the  device  residing 
at  point  B only  fo.  the  duration  of  (a  large  enough)  base  current. 

The  distinction  between  latching  and  nonlatching  transitions  has 
important  practical  applications.  Circuits  which  exclusively  permit  latching 
transitions  to  occur  are  useful  as  memory  elements;  circuits  which  exclusively 
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FIG.  5 I-V  characteristics  of  grounded-emitter  ICS  device  for  large  and  small 
values  of  base  shunt  resistance  Rg.  Transition  from  point  A to  point 
B is  possible  by  only  lowering  Rg  (without  changing  V or  R^). 


permit  nonlatching  transitions  to  occur  can  be  used  to  perform  logic  functions. 

III.  uiw'JNDI  0 BAS1  1-V  aiARACrtRlSTICS 

A.  it  feet  of  Iritter-Base  Shunt  Resistance 

if  an  ICS  is  connected  in  a grounded  base  configuration,  then  no  transi- 
tion to  the  low  impedance  state  can  take  place  unless  provision  is  also  made  in 
the  circuit  to  supply  current  to  the  emitter  terminal.  Although  collec+or  break- 
down can  be  observed  with  an  open  emitter,  switch-back  to  a lower  voltage  state 
cannot  be  observed.  Similarly,  a device  fabricated  with  no  p-n  junction  and  with 
contact  to  the  semiconductor  by  means  of  a noninjecting  contact  will  not  show  a 
low  voltage  state,  even  if  the  insulator  and  collector  contact  are  identical  to 
a fully  functional  ICS  device.  The  necessity  of  having  a nonzero  emitter  cur- 
rent in  order  to  produce  the  low  voltage  state  is  in  obvious  agreement  with  the 
inversion-controlled  conduction  model  of  the  device  behavior. 

One  method  of  providing  a finite  emitter  current  is  to  provide  a shunt- 
ing resistance  Rs  between  emitter  and  base  terminal,  as  shown  in  Fig.  6(a). 
file  open-base  grounded  emitter  I-V  characteristics  of  a molybdenjm/SiO^N^/p  /n/n 
structure  are  shown  in  Fig.  6(b).  The  grounded  base  I-V  characteristics  of  the 
same  device  are  presented  in  Fig.  6(c).  These  latter  characteristics  are  shown 
for  four  different  values  of  emitter-base  shunt  resistance:  Rg  « 0,  100,  200 
and  400  Q.  For  small  currents  the  differential  resistance  in  the  low  impedance 
state  is  slightly  less  than  the  value  of  Rg  used  to  generate  the  particular 
curve.  The  variation  of  the  slope  of  the  I-V  characteristic  with  Rg  implies 
that  most  of  the  collector  current  is  drawn  through  the  emitter  terminal  even  in 
the  grounded  base  configuration,  and  this  is  confirmed  by  direct  measurement. 

The  fact  that  the  slope  is  measurably  less  than  Rg  results  from  a nonzero  base 
current  which  provides  a parallel  path  to  the  emitter  circuit.  For  this  particulai 
device  the  base  current  is  between  15  and  25  percent  of  the  collector  current, 
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COLLECTOR  VOLTAGE  {1  V/DIV.) 

FIG.  6 Grounded  base  biasing  of  a metal-SiO  N -p+-n-n+  ICS  device. 

x y 

(a)  Grounded  base  circuit. 

(b)  Grounded-emitter  I-V  characteristics  shown  for  comparison. 

(c)  Grounded-base  characteristics  with  Rg  **  0,  100,  200  and  400  ohms. 


vary Any  iccording  to  collector  bias  and  the  values  of  Rg  and  R^.  (This  particular 
device  has  a low  emitter  efficiency  compared  to  conventional  bipolar  transistors 
becausf  the  n-type  emitter  is  less  heavily  doped  than  the  diffused  p-type  base.) 

For  values  of  R * 1000  n,  no  transition  to  the  low  impedance  state 
occurred  for  this  device.  The  effect  of  an  emitter-base  shunt  for  grounded  base 
biasing  is  therefore  opposite  to  that  of  a shunt  resistance  applied  to  a grounded 
emitter  configuration.  Towering  the  values  of  Rg  always  tends  to  cause  a device 
with  grounded  emitter  to  switch  out  of  the  low  impedance  state,  whereas  raising 
the  level  of  R,  tends  to  cause  a device  with  grounded  base  to  switch  out  of  the 
low  impedance  state. 

Hie  characteristic  for  the  grounded  base  configuration  with  Rg  ^ 0 is 
identical  to  that  for  the  grounded  emitter  configuration  with  Rg  » 0.  Compared 
to  the  grounded  emitter  characteristics  shown  in  Fig.  6(b),  VTH  has  increased 
to  10  V for  Rg  0,  from  VTH  = 4.5  V.  The  grounded  base  threshold  voltage  is 
not  as  sensitive  to  Rg  as  the  grounded  emitter  configuration. 

When  operated  in  the  grounded  emitter  mode  this  particular  run  of 
devices  shows  only  a slight  change  in  Ig  when  Rg  is  varied  between  infinity 
(Fig.  6(b))  and  zero  (Fig.  6(c)).  in  order  to  switch  the  device  out  of  the  low 
impedance  state  by  varying  Rg,  a fairly  precise  adjustment  of  the  collector 
supply  voltage  would  therefore  be  necessary.  On  the  other  hand,  the  grounded 
base  configuration  removes  all  requirements  for  precise  control  of  the  collector 
supply  voltage. 

Fiqure  7 illustrates  how  this  same  device  can  be  removed  from  the  low 
impedance  state  by  variation  of  Rg.  The  data  of  Fig.  7 were  obtained  by  the 
following  procedure.  For  each  particular  value  of  collector  supply  voltage 
cnosen,  R,  was  increased  continuously  until  the  device  find  switched  out  of  the 
low  impedance  state.  The  straight  lines  traced  by  this  procedure  are  collector 
load  lines  for  a 150  O collector  load  resistance.  These  load  lines  terminate 
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FIG.  7 Grounded  base  characteristics  of  same  device  used  in  obtaining  data 

of  Fig.  6.  Straight-line  characteristics  were  produced  by  a continuous 
increase  of  R from  10  Q until  device  switched  out  of  low  impedance 
state.  Dotted  line  shows  low  impedance  state  characteristic  when 
Rs  = 10  Q ; the  curve  C marks  the  lower  limit  of  the  low  impedance  state. 


j 
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at  th<  upper  loft  on  the  I-V  characteristic  corresponding  to  Rg  = 10  0 , the 

smallest  value  of  R„  used  in  this  experiment;  they  terminate  at  the  lower  right 

b 

at  the  limit  of  the  low  impedance  state.  The  high  impedance  state's  I-V  charac- 
teristics are  also  shown  in  Fig.  7 to  emphasize  that  there  is  a gap  between  the 
lower  limit  to  the  current  which  can  be  carried  in  the  low  impedance  state  and 
the  current  carried  in  the  high  impedance  state.  Collector  supply  voltages  as 
low  as  2.5  V and  as  high  as  12  can  be  used  while  still  maintaining  the  capability 
of  switching  this  device  out  of  the  low  impedance  state  without  changing  any  cir- 
cuit component  except  Rg. 

The  curve  C shown  in  Fig.  7 marks  the  boundary  of  the  low  impedance 
state.  The  boundary  curve  is  concave  up  with  |dl/dV|  at  low  voltages  exceeding 
dl/dV  at  higher  voltages.  In  this  respect  it  is  typical  of  most  devices.  The 
small  sharp  maximum  M in  curve  C is  peculiar  to  this  run  of  devices  and  the 
particular  load  ’esistance  used.  This  feature  is  a manifestation  of  an  inter- 
mediate conductivity  state  for  collector  currents  just  below  M. 

B.  Effect  of  Emitter  Current  on  I-V  Characteristics 

If  current  1^  is  supplied  to  the  emitter  by  the  circuit  of  Fig.  8(a), 
the  device  can  switch  to  a low  voltage  state.  If  Rg  = then  this  switching 
is  always  a nonlatching  transition  with  the  device  returning  to  the  high 
impedance  state  after  the  switch  S is  opened.  With  Rg  = the  collector  cur- 
rent tends  to  saturate  at  1^  for  low  collector  voltages.  This  particular  cir- 
cuit configuration,  which  involves  the  application  of  an  emitter  current  with 
essentially  no  external  conductance  across  the  emitter-base  terminals,  is  the 
only  one  discovered  which  often  results  in  damage  to  many  types  of  devices  if  a 
large  supply  voltage  is  used  in  the  collector  circuit.  The  damage  is  caused  by 
large  current  and  voltage  swings  in  the  collector  circuit,  since  the  device 
often  tends  to  oscillate  rather  than  establish  itself  in  a well-defined  low 
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SUPPLY  CURRENT  l^p  (mA> 

FIG.  8 Effect  of  em^tter+current  on  grounded  base  threshold  voltage  of  a 
metal -Si 0o-p  -n-n  device. 

(a)  Circuit  used  to  obtain  data. 

(b)  Variation  of  base-collector  threshold  voltage  as  a function  of 

current  I supplied  to  parallel  combination  of  Rc  and  emitter 
, . sup,  b 

base  terminals. 
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voltage  stott'.  However,  if  R(,  / ",  then  safe,  repeatable  operation  occurs. 

O 

The  collector  threshold  with  grounded  base  biasing  is  reduced  if  any 

emitter  current  is  supplied.  V^(  as  a function  of  J is  presented  in  Fig.  0 

to  i flu  f i 1 different,  values  of  Rk  for  a M/iHtU/p/n/n*  device.  Increasing  R,. 

i uir.es  .1  greatej  fraction  of  1 to  enter  the  device  as  emitter  current,  which 

sup 

accounts  for  the  more  sensitive  suppression  of  when  larger  R,.  Is  used.  At 

high  valuer,  of  l the  observed  threshold  voltage  approaches  that  for  grounded 
sup 

omlttei  configuration,  which  was  2.4  V for  this  device. 


IV.  SWl  IT'lilNG  lUUWI'i  N SlATliS 

Although  a full  discussion  of  the  transient  behavior  of  ICS  devices  is 
beyond  the  scope  of  this  paper,  several  observations  are  appropriate.  First, 
like  conventional  bipolar  switching  transistors,  narrow  base  widths  provide  foi 
the  possibility  of  more  rapid  transition  between  states.  Second,  the  transi- 
tion time  between  states  is  determined  for  many  devices  by  the  R^CL  time  constant 
where  R is  the  collector  load  resistance  and  is  the  total  capacitance  between 
the  collector  terminal  and  ground,  experiments  in  which  the  time  constant  is 
purposefully  varied  have  resulted  in  transition  time  equaling  R(  C(  for  both 
transitions  into  and  out  of  the  low  impedance  state. 

transitions  from  high  to  low  impedance  states  as  short  as  1 ns 
(R  ® 10  .1,  ■ 1 pF)  have  been  observed  when  the  device  is  switched  by  a fast 

rising  collector  voltage.  The  high-to-low  impedance  state  transition  is  found 
to  also  depend  upon  dV/dt  and  the  extent  of  any  overvoltage  beyond  the  dc 
threshold  voltage  which  can  be  applied  in  transient  conditions.  A mode  of 
transition  in  which  the  collector  current  peaks  before  it  attains  its  stead- 
state  value  has  been  previously  described  [S’].  This  mode  of  transition  has  not 
been  observed  in  most  devices  fabricated  since  the  early  experiments  described 
in  Ref.  b. 
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Transitions  from  the  low  impedance  state  to  the  high  impedance  state 
have  been  studied  using  a mercury-wetted  reed  switch  to  complete  a circuit  con- 
nection which  places  a bO  U resistance  between  base  and  grounded  emitter.  (The 
capability  of  an  emitter-base  shunt  resistance  to  remove  a device  from  the  low 
impedance  state  ties  been  described  in  Sec.  II.  B.)  Transition  times  as  low  as 
3 ns  (R  ,-r  200  0;  Cc  ^ lb  pF ) have  been  observed. 

V.  SUMMARY  AND  CONCLUSIONS 

A descr  ption  of  the  important  steady-state  characteristics  of  three- 
terminal  inversion-controlled  switches  has  been  presented.  The  behavior  of  the 
three  terminal  devices  serves  to  corroborate  the  basic  model  of  the  device 
mechanism;  the  high  impedance  state  is  described  by  deep  depletion  and  the  low 
impedance  states  by  at  least  the  partial  development  of  inversion.  The  explana- 
tion of  device  behavior  therefore  involves  the  language  necessary  to  describe 
MIS  capacitors.  However,  the  total  range  of  device  behavior  can  be  usefully 
modeled  by  exploiting  the  analogous  structural  and  functional  relationships 
which  the  device  shares  with  a conventional  bipolar  transistor.  The  third  inter- 
mediate terminal  which  provides  a connection  to  the  base  region  of  the  device  is 
useful  for  controlling  transitions  both  into  and  out  of  the  low  impedance  state. 

The  discussion  of  three  terminal  characteristics  of  the  ICS  devices 
was  confined  to  the  case  where  the  device  is  biased  in  its  "active"  region.  The 
active  region  of  ICS  devices  is  defined  by  analogy  with  the  active  bias  region  of 
conventional  bipolar  transistors?  the  emitter  junction  is  forward  biased  and  the 
collector  is  reverse  biased.  Both  the  high  and  low  impedance  states  of  the  ICS 
exist  within  the  active  bias  region.  Furthermore,  transitions  between  the  high 
and  low  impedance  states  can  be  obtained  without  departing  from  the  active 
region.  Of  special  importance  is  the  fact  that  the  low  impedance  state  does  not 
require  saturation  (forward  bias  of  the  collector)  nor  does  turning  off  the  low 
impedance  state  require  either  reverse  bias  (cut  off  of  the  emitter  junction)  or 
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even  lowi  linq  of  the  collector  supply  voltage.  These  considerations  imply  that 
the  device  is  capable  of  rapid  transition  out  of  the  low  impedance  state  since 
the  collector  is  alwiys  biased,  as  it  were,  in  a sense  which  tends  to  destroy 
the  low  impedance  state. 

Devices  with  temperature-insensitive  threshold  voltages  suggest  numerous 
digital  applications  because  of  the  binary  impedance  states.  Among  these  are 
cross-bar  switching  matrices,  controlled  rectifiers,  as  well  as  memory  and  logic 
applications.  The  presence  of  the  base  terminal  connection  greatly  extends  the 
utility  of  the  device  since  it  provides  an  independent  means  of  turning  the 
device  both  on  and  off. 

Logic  and  memory  applications  have  been  studied  extensively.  Logic 
circuits  are  possible  with  simple  ICS  circuits  because,  as  described  in  Sec.  II 
of  this  paper,  inclusion  of  a finite  external  conductance  between  emitter  and 
base  terminals  makes  it  possible  to  construct  nonlatching  circuits,  even  for 
the  grounded  emitter  configuration. 

The  binary  states  of  an  individual  device  suggest  that  simple  memory 
circuits  are  possible,  and,  in  fact,  small  radom-access  memory  arrays  using 
discrete  devices  have  been  operated.  These  circuits  function  as  static  memories 
with  only  a single  active  element  per  memory  site  and  will  be  described  in  sub- 
sequent publications.  Single  bit  write,  erase,  and  nondestructive  read  operat- 
ions are  possible  in  these  circuits,  and  the  devices  can  be  addressed  with  ICS 
or  more  conventional  bipolar  logic. 
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SUMMARY 

Nonvolatile  memory  switching  has  been  observed  in  polycrystalline  silicon 
layers  produced  by  chemical  vapor  deposition.  Evidence  for  filamentary  conduction 
is  found  for  devices  which  are  in  their  low  impedance  state.  Devices  have  been 

4 

cycled  through  high  and  low  impedance  states  a maximum  of  2 x 10  times.  Exposure 
to  transient  ionizing  electron  radiation  caused  the  devices  to  switch  to  their 
low  impedance  state. 
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tored  by  the  Rome  Air  Development  Center,  Deputy  for  Electronics,  under  Con- 
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INTRODUCTION 


Memory  switching,  as  defined  by  Fritzshe  and  Ovshinsky,^  requires  the 

exi  tence  of  two  impedance  states  which  are  stable  at  zero  applied  bias.  Memory 

2 

switcninq  has  been  observed  in  a wide  variety  of  amorphous  materials  including 

3 

oviporatod  amorphous  silicon.  It  has  also  been  observed  in  crystalline 
materials,  in  GaAs  Schottky  diodes,  and  in  a variety  of  heterojunction  diodes. 

The  present  paper  reports  observation  of  memory  switching  in  polycrystalline 
silicon  layers  which  were  prepared  by  conventional  chemical  vapor  deposition  (CVD). 

DEVICE  STRUCTURES  AND  PREPARATION 

The  primary  structures  investigated  are  shown  in  Fig.  1.  Thermally 
oxidized  silicon  wafers  could  be  substituted  for  the  fused  quartz  substrate  of 
Fig.  1(a)  without  affecting  device  performance. 

The  polycrystalline  silicon  layers  (0.3  - 2 p,m  thick)  were  deposited  in 
a cold-wall  horizontal  reactor  by  the  thermal  decomposition  of  silane  using  argon 
or  argon-hydrogen  mixtures  as  the  carrier  gas.  The  deposition  temperatures  were 
700-800°C,  with  the  temperature  held  below  720°C  for  depositions  onto  molybdenum 
in  order  to  prevent  reactions  between  the  molybdenum  and  silicon.  No  in  situ 
etching  of  the  silicon  substrates  was  performed  prior  to  deposition  in  order  to 
form  the  structure  of  Fig.  1(b).  Thus  the  polysilicon  was  deposited  over  8-15  k 
of  nascent  SiC>2  formed  on  the  silicon  substrate  during  transfer  to  the  reactor  and 
initial  heating  of  the  substrate.  For  depositing  doped  silicon  layers,  phosphine 
or  diborane  was  introduced  into  the  reactor  using  a carrier  gas  that  was  at 
least  20%  hydrogen.  Undoped  polysilicon  layers  were  deposited  using  both  pure 
argon  and  argon-hydrogen  mixtures  as  the  carrier  gas. 

SW I TCH [ NG  CHAR  AC  TER  I ST I CS 

All  devices  tested  showed  memory  switching  and  their  initial  state  was 
one  of  high  resistance.  Most  devices  had  a virgin  state  whose  upper  limit  of 
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FIG.  1 Basic  device  structures  investigated.  Note  that  gold  contact  pads  are  not 
directly  above  active  area  of  polysilicon. 

(a)  Molybdenum  — polysilicon  — molybdenum  structure. 

(b)  Molybdenum  - polysilicon  - single  crystal  silicon  structure. 


-149- 


veil  ujn  w.i**.  higher  than  that  obtained  in  all  subsequent  transitions  to  the  high 
impedance  state  after  the  device  had  been  cycled  into  its  low  impedance  state. 

Hie  current-voltage  (l-V)  characteristics  of  a Mo  - undoped  polysilicon  (2  um 
thick)  - Mo  device  of  the  structural  type  of  Fig.  1(a)  are  presented  in  Fig.  2. 

The  high  and  low  impedance  states  are  shown  in  Figs.  2(b)  arid  (c),  respectively. 

4 S 

The  high  impedance  state  has  a resistance  of  10  -10  ohms  for  applied  voltages 
less  than  0.5  V;  the  ohmic  low  impedance  state's  resistance  is  50  ohms.  The 
device  is  a "negative  resistance  with  memory"  according  to  the  classification 
scheme  of  Ref.  1. 

Although  these  I -V  characteristics  appear  quite  symmetric  about  the 
origin  there  is  some  polarity  dependence.  (The  positive  sense  of  voltage 
corresponds  to  the  upper  electrode  being  biased  positively.)  For  the  majority 
of  devices  on  most  wafers  the  switching  from  the  low  to  high  impedance  state 
could  be  accomplished  at  lower  current  if  a positive  bias  were  used  (about  10  mA 
for  the  device  of  Fig.  2).  Conversely,  switching  from  the  high  to  low  impedance 
state  usually  could  be  accomplished  with  lower  power  if  a negative  bias  were 
used,  The  "easy"  sense  of  switching  is  not  the  same  for  all  devices.  However, 
once  switching  between  states  has  been  cycled  with  either  polarity,  an  attempt 
to  accomplish  the  switching  with  a reversal  in  polarity  always  requires  larger 
currents  or  voltages  (typically  twice  as  much)  and  often  will  result  in  permanent 
damage  to  the  device.  Stored  at  room  temperature,  the  impedance  level  of  a 
device  in  either  state  with  no  applied  bias  will  change  less  than  5%  over  a six- 
month  period. 

The  I-V  characteristics  of  a Mo  - p type  polysilicon  (2  ^m  thick)  - 
Mo  device  are  shown  in  Fig.  3.  The  virgin  state's  characteristics,  presented 
in  Fig.  3(a),  show  that  this  device  also  evidences  threshold  switching  where  the 
low  resistance  state  does  not  exist  at  zero  bias,  unlike  the  requirement  for  memory 
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FIG.  2 Current  voltage  characteristics  of  molybdenum  undoped  polysilicon  - 
molybdenum  device. 

(a)  Virgin  state. 

(b)  High  impedance  state. 

(c)  Low  impedance  state. 
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FIG.  3 Current-voltage  characteristics  of  molybdenum  p type  polysilicon 
molybdenum  device 

(a)  Virgin  state 

(b)  High  and  low  impedance  states. 


-152- 


switching.^  However,  threshold  switching  is  usually  not  observed  in  these  poly- 
silicon devices.  The  behavior  of  the  polysilicon  devices  therefore  differs  from 

3 

that  of  amorphous  silicon  layers  described  by  Feldman  and  Moorjani.  The  )resence 
or  absence  of  threshold  switching  is  not  correlated  with  doped  or  undoped  poly- 
silicon layers,  or,  indeed,  with  any  purposefully  controlled  property  of  the 
layers,  it  is  sometimes  observed  that  not  all  devices  on  a single  wafer  will 
show  threshold  switching  in  their  virgin  state,  even  though  they  may  all  have 
similir  high  and  low  impedance  state  characteristics. 

ITie  virgin  state's  characteristics  of  Fig.  3(a)  and  the  high  impedance  state's 
characteristics  of  Fig.  3(b)  do  evidence  a generally  observed  property  of  doped  poly- 
silicon devices:  the  resistances  of  both  the  virgin  and  high  impedance  states  are 
lower  than  those  obtained  with  undoped  layers.  (Both  the  devices  of  Figs.  2 and  3 
have  the  same  area  (1.25  x 10~4  cm2).)  Since  the  low  impedance  state's  resistance 
is  not  greatly  affected  by  doping,  the  ratio  of  the  resistances  in  the  high  and 
low  impedance  states  is  generally  smaller  for  doped  layers. 

Thicker  layers  of  polysilicon  produced  by  the  same  procedures  but 
deposited  on  insulating  substrates  had  resistivities  of  100  ohm-cm.  If  the 
device  had  ideal  ohmic  contacts,  then  its  resistance  would  be  160  ohms  (area  = 

1.25  x 10~4  cm2;  thickness  = 2 x 10~4  cm).  The  resistance  of  the  device  in  the 
high  impedance  state  at  low  voltage  is  ^ 600  ohms,  suggesting  that  the  contacts 
are  not  ohmic.  This  particular  polysilicon  layer  was  deposited  at  700  C,  and  at 
this  temperature  the  first  0. 1-0.2  pm  of  material  deposited  may  be  in  an  amorphous 
rather  than  a crystalline  form,  perhaps  accounting  for  the  higher  observed 
resistance.  The  lower  differential  resistance  observed  for  p-type  doped  layers 
in  both  their  virgin  and  high  impedance  states  suggests  that  Schottky-barrier 
contacts  are  not  required  for  the  observation  of  the  memory  switching  phenomenon 
in  polysilicon. 
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Further  experiments  with  doping  variations  confirm  this  hypothesis.  The 
memory  switching  is  observed  in  both  n -n-n  and  p -p-p  layers.  For  such  layer  •>, 
lower  resistances  in  both  the  virgin  and  high  impedance  spates  are  observed  than 
if  in  intrinsic  layer  is  used.  The  principal  change  brought  about  by  the  use  of 
heavily  doped  layers  adjacent  to  the  metal  contacts  is  an  increase  in  the  number 
of  times  which  a device  may  be  cycled  between  the  low  and  high  impedance  states 
before  catastrophic  damage  occurs. 

The  I-V  characteristics  of  a single  crystal  n silicon  — undoped  poly- 
silicon layer  — molybdenum  device  (structure  of  Fig.  1(b))  are  presented  in 
Fig.  4.  Note  that  both  the  low  and  the  high  impedance  states  nave  a lower 
resistance  if  the  n+  single  crystal  substrate  is  biased  negatively. 

The  upper  electrode  need  not  be  molybdenum  in  order  to  observe  memory 
switching.  Chromium,  aluminum  and  gold  electrodes  have  been  used  as  top  con- 
tacts in  place  of  molybdenum.  In  addition,  tungsten,  platinum  and  graphite 
probes  have  been  used  as  point  contacts  instead  of  broad  area  electrodes.  In  all 
these  variations  of  device  structure  memory  switching  was  observed.  However,  the 
n amber  of  times  the  devices  could  be  cycled  between  high  and  low  impedance 
states  before  permanent  damage  occurred  was  dependent  upon  the  top  electrode 
material.  Molybdenum  and  graphite  contacts  permitted  the  largest  number  of 
cycles,  aluminum,  chromium  and  gold,  the  fewest. 

The  I-V  characteristics  shown  in  Figs.  2-4  were  obtained  using  tri- 
angular voltage  pulses  from  a 120  Hz  curve  tracer.  The  devices  may  be  transferred 
between  states  using  shorter  duration  square  pulses.  Single-shot  pulsing  of  a 
device  to  bring  it  from  its  high  to  its  low  impedance  state  transition  required 
pulse  lengths  of  25-tO  ns  in  order  to  accomplish  the  transition  with  certainty 
if  the  same  voltage  level  was  used  as  for  the  curve  tracer  induced  switching.  The 
actual  transition  time  was  much  shorter  (1-5  ns),  but  a random  delay  time  between 
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FIG.  4 Current-voltage  of  molybdenum  - updoped  polysilicon  - n+  single 

crystal  silicon  device  for  high  and  low  impedance  states.  Positive  sense 
of  voltage  corresponds  to  molybdenum  biased  positive  and  n+  silicon 
substrate  biased  negative. 
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tho  start  of  the  pulse  to  the  actual  time  of  transition  was  observed  which  was 
hortrr  for  hiqh  pul  e voltages,  reminiscent  of  the  behavior  of  amorphous  memory 
diode  . I'o  ensure  i hi  accomplishment  of  the  reverse  switching  from  low  to  hiqh 
impedance  stale,  much  longer  pulses,  from  10-25  p,s»  were  required  if  the  current 
level  was  the  same  a for  the  curve  tracer  induced  switching. 

If  either  the  set  or  reset  operation  was  accomplished  by  pulsing,  then 
the  device  was  more  completely  locked  into  its  final  state  than  it  would  have 
been  using  a curve  tracer  power  supply  at  the  same  peak  current  and  voltage. 

This  result  was  somewhat  surprising,  since  clearly  less  total  power  is  dissipated 
in  the  device  in  single-shot  pulsing  than  in  multiple  cycles  of  the  curve  tracer. 
The  current  and  voltage  levels  of  both  the  pulsed  power  supply  and  the  sawtooth 
waveforms  of  the  curve  tracer  were  carefully  calibrated  to  be  certain  that  the 
peak  curient  or  voltage  of  the  single-shot  pulse  was  always  less  than  the  curve- 
tracer  peaks.  The  "completeness"  of  the  set  or  reset  process  was  measured 
quantitatively  by  determining  the  minimum  current  (or  voltage)  which  must  be  sup- 
plied by  the  curve  tracer  in  order  to  "undo"  the  previous  process. 

Raising  the  device's  temperature  to  90-120°C  caused  a partial  erasure 
of  the  low  impedance  state  in  12-24  hours.  Storage  for  1-2  hours  at  250°C 
resulted  in  complete  erasure  of  the  low  impedance  state.  No  change  in  state  was 
obseived  if  the  devices  were  stored  at  77°K.  The  turn-over  voltage  to  negative 
resistance  in  the  high  impedance  state  increased  about  10-20%,  however,  at  77°K. 

A higher  input  power  is  therefore  required  to  bring  the  devices  into  their  low 
impedance  state.  On  the  other  hand,  devices  cooled  to  liquid  nitrigen  temperature 
required  less  power  to  reset  back  into  their  high  impedance  state  than  if  the 
process  was  attempted  at  room  temperature. 

RADIATION  HARDNESS 

fhe  device  structure  used  to  obtain  the  data  of  Fig.  2 was  subjected  to 
radiation  tolerance  tests  by  exposing  the  devices  to  450  ns  pulses  of  10  MeV 
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( l«c tron*.  When  subjected  to  ionizing  radiation  at  a rate  of  10  rad  (bi)/s 
( 0 . 1 ' rid  (Si)  total  dose),  ■•'ll  devices  which  were  not  in  their  virgin  state 
tended  to  revert  to  their  low  impedance  state.  Only  two  to  three  pulses  were 
required  to  bring  a device  completely  into  its  low  impedance  state  regardless  of 
whether  a bias  was  or  was  not  applied  to  the  device  during  exposure.  Applying 
b-10  radiation  pulses  left  all  devices  permanently  locked  in  their  low  impedance 
state.  The  lack  of  radiation  hardness  is  a major  difference  between  these  devices 
and  at  least  some  amorphous  memory  switches.  The  radiation  appeared  to  have  no 
effect  upon  devices  which  were  in  their  virgin  state. 

T1LAM1.N t'AUY  CONDUCTION  AND  DEGRADATION 

Devices  which  have  been  brought  to  their  low  impedance  state  show  clear 
evidence  of  filamentary  conauction.  If  a sufficient  number  of  set-reset  cycles 
air  accomplished  (between  1-103,  depending  upon  device  structure),  a localized 

breakdown  region  may  be  observed  which  is  very  similar  in  behavior  and  appearance 

3 r 

to  that  described  Ly  Feldman  and  Moorjani  in  amorphous  silicon  layers.  increas- 
ing the  number  of  set-reset  cycles  increases  the  diameter  of  the  spots.  Limiting 
the  power  dissipated  in  each  set  or  reset  operation  will  delay,  but  not  prevent, 
the  cessation  of  memory  switching.  High  values  of  series  load  resistance  in  the 

high-to-low  impedance  transition  and  low  values  of  load  resistance  in  the  low-to- 

4 

high  impedance  transition  are  useful  for  this  purpose.  At  most  2 x 10  cycles 
have  been  observed  using  the  structure  of  Fig.  l(a).  Near  the  end  of  its  useful 
life,  higher  voltages  and  current  are  required  to  cause  switching,  and  the 
devT  e is  finally  left  permanently  and  unalterably  in  one  of  its  impedance  states 
(usually  the  low  impedance  state). 

Dven  if  localized  breakdown  cannot  be  observed  microscopically  after 
the  first  few  switchings,  it  is  still  believed  that  localized  breakdown  is 
involved.  Dividing  the  upper  electrode  in  half  by  etching  will  always  leave  one 
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tin  1 f of  the  device  with  a low  impedance  state  resistance  identical  to  that  of  the 
complete  original  device?  the  oilier  half  of  the  device  will  have  a vlrqio  state 
t h mic  teri  sti  c. 


1 II  M STHUCTURi: 

The  1-2  urn  thick  silicon  films  deposited  at  700°C  on  both  molybdenum  and 
si nnl«' -crystal  silicon  were  polycrystalline  with  a <110)  preferred  orientation  as 
determined  by  x-ray  diffraction.  This  is  in  agreement  with  the  results  of 
Naqasima  and  Kubota  for  films  deposited  on  S10-,.  However,  these  same  authors 
report  that  films  0.1  pm  thick  had  an  amorphous  structure  as  determined  by 
, lection  diffraction,  and  it  is  possible  to  hypothesize  that  such  an  amorphous 
layer  (which  was  not  detectable  by  x-ray  diffraction)  was  present  in  our  films 
and  was  responsible  for  their  switching  behavior.  Several  experiments  were 
carried  out  which  suggest,  that  an  amorphous  layer  is  not  necessary  for  the 
memory  switching. 

The  first  experiment  used  2 pm  thick  silicon  films  deposited  on  single- 
crystal  silicon  at  700°C.  The  wafer  was  divided  in  half  for  subsequent  processing. 
One  half  was  annealed  at  llbO°C  for  30  min.  in  nitrogen  before  tbe  top  metal  con- 
tact was  applied?  the  other  half  of  the  wafer  was  treated  as  usual  with  no  anneal. 
Naqasima  and  Kubota  report  that  10  min.  heating  at  1100°C  of  completely  amorphous 
films  is  sufficient  for  crystallization. V Devices  taken  from  both  halves  of  the 
wafer  showed  essentially  the  same  switching  characteristics.  However,  the  voltage 
required  to  erase  the  virqin  state  (a  one-time  event)  was  usually  lowered  by  such 
an  anneal. 

in  other  experiments,  0.3  um  thick  silicon  layers  were  deposited  on 
single-crystal  silicon  wafers  at  700°C  and  800°C.  No  evidence  of  a crystalline 
state  was  obtainable  by  x-ray  diffraction,  although  this  does  not  imply  that  the 
films  wen  amorphous.  However,  following  anneals  at  900°(  for  two  hours  the  iilms 
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deposited  at  800°C  did  produce  a diffraction  pattern  with  a preferred  (111) 
orientation.  (Any  tendency  to  also  show  a (100)  orientation  may  nave  been  masked 
by  the  (100)  substrate.)  The  thin  films  deposited  at  '700°C  which  were  not  annealed 
could  be  recycled  the  fewest  number  of  times  ( 10-100)  and  had  a low  ratio  between 
that  resistance  of  the  hiqh  impedance  state  and  the  lov»  impedance  state.  The 
films  deposited  at  800°C  (at  which  temperature  Nagasima  and  Kubuto  report  poly- 
crystalline  films  by  examination  using  electron  diffraction)  were  more  rugged 
and  had  a hiqher  ratio  between  the  impedance  levels  of  the  two  states.  Ihe 
annealed  films  showed  improved  memory  switching  both  for  the  700°C  and  800  C 
depositions.  The  600°C  deposited  film,  which  was  annealed  at  900°C  (which  did 
show  evidence  of  crystallizing  by  x-ray  diffraction),  could  be  cycled  500-1000 
times  and  yielded  the  best  memory  switches.  Thus,  these  experiments  show  a cor- 
relation between  improved  switching  characteristics  and  a probable  greater  extent 
of  crystallinity. 

CONCLUSIONS 

CVD  deposited  polycrystalline  silicon  films  show  a memory  switching 

4 , 

phenomenon  when  subjected  to  electric  fields  of  the  order  of  10  V/cm,  with 
filamentary  conduction  occurring  in  the  low  impedance  state.  The  appearance  of 
the  phenomenon  does  not  depend  on  a particular  electrode  material,  although  dif- 
ferent electrode  materials  can  cause  variations  in  device  ruggedness.  We  have 
found  no  evidence  that  memory  switching  requires  the  existence  of  an  amorphous 
silicon  sublayer  within  the  active  device. 

The  establishment  of  a filamentary  conduction  path  occurs  when  the 
devices  are  removed  from  their  initial  high  impedance  state.  Tins  erasure  of  the 
virgin  state  is  a one-time  event  and  almost  certainly  involves  a structural 
change  in  the  layer.  Subsequent  switchings  of  the  filamentary  path  between  high 
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uni  low  impt'daic«  stol.es  'no y well  not  require  any  further  structural  change, 
since  it.  can  he  brought  about  by  the  dissipation  of  energy  of  only  5 x 10  j/gm 
(0.‘>  iod)  of  irradiated  silicon.  However,  repeated  electrically  induced  switch- 
ings do  in  fact  cause  further  structural  damage  which  ultimately  degrades  the 
device.  Hie  maximum  number  of  cycles  observed  («s  2 x 10  ) may  not  represent  the 
upper  limit  to  what  might  be  obtainable  with  the  use  of  either  different 
electrode  materials  or  more  complex  voltage  pulse  shapes  for  setting  and  resetting 
the  dev i ce ' s sta tea . 
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I.  INTRODUCTION 


The  inversion  controlled  switch  (ICS)  has  been  demonstrated  as  a 

1 2 3 

memory  device  since  it  can  exist  in  either  of  two  stable  impedance  states.  ’ 

Illumination  of  the  device  with  silicon  band  gap  radiation  has  been  shown 

to  reduce  the  threshold  voltage  V^,  the  highest  voltage  which  may  be 

3 

impressed  upon  the  device  in  its  high  impedance  state.  One  therefore 
expects  that  irradiation  of  the  device  by  any  means  which  creates  electron- 
hole  pairs  will  lower  the  threshold  voltage.  This  paper  presents  the  first 
experimental  data  on  the  suppression  of  by  high  energy  electron  radiation. 
Die  sensitivity  of  suppresion  of  is  found  to  depend  upon  which  of  various 

3 

alternate  device  structures  is  used,  with  one  particular  structure,  a 
molybdenum-silicon  oxynitride-p-n+  device,  showing  rather  interesting 
insensitivity  to  transient.  1 meV  electron  irradiation. 

II.  CIRCUIT  CONSIDERATIONS 

The  basic  ICS  circuit  which  can  be  used  as  a memory  element  is 

shown  in  Fig.  1,  along  with  circuit  symbols.  The  circuit  symbols  and 

motivation  for  the  naming  of  the  "emitter,"  "base,"  and  "collector"  regions 

3,4  5 

of  the  device  have  been  introduced  previously.  ’ Figure  2 illustrates 
typical  current-voltage  (I-V)  characteristics.  Binary  loqic  states  may  be 
defined  as  "0,"  corresponding  to  the  high  impedance  state  and  "1," 
corresponding  to  the  low  impedance  state.  In  order  to  hold  information  in  a 
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memory  cell,  the  circuit  parameters  of  Fig.  1 must  be  properly  chosen,  lhe 

applied  voltage  V must  be  less  than  or  the  device  could  not  exist  in  its 

high  impedance  state.  Similarly,  the  applied  voltage  must  be  greater  than 

.i  critical  vilue  V , as  defined  in  Fig.  2,  or  the  device  could  not  exist  in 

2 

its  low  impedance  state.  is  obviously  also  a function  of  the  load 

2 

resistance  R . (V  will  also  depend  on  the  emitter-base  shunt  resistance 
c c 

R.  5 but  we  assume  for  the  moment  that  Rcn  = ®).  It  is  clear  from  Fig.  2 
I B til 

that  the  sustaining  current  I and  V , the  minimum  current  and  voltage, 

s s 

respectively,  which  can  exist  in  the  low  impedance  state  are  related  to  R^ 

and  V by 
c ' 

V = V + I R.  (1) 

c s s L 

under  the  assumption  that  the  current  in  the  high  impedance  state  may  be 
neglected.  The  above  discussion  may  be  summarized  by  noting  that  memory 
operation  is  possible  only  if  the  applied  voltage  V is  such  that 


vc(reb)  < V < vth(reb) 


(2) 


Since  both  I and  V_..  can  depend  quite  sensitively,  in  some  ICS  devices, 

S lit 

upon  R„_,  the  explicit  functional  relationship  is  retained  in  the 
EB 

inequality  of  Eq.  (2). 


III.  DEVICE  STRUCTURES 

The  basic  structures  investigated  are  diagrammed  in  cross  section 
in  Fig.  3.  The  devices  had  circular  symmetry  with  an  annular  base  contact 
for  three  terminal  devices.  Insulator  layers  were  formed  using  silicon- 
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FIG.  2 Current  voltage  characteristics  of  ICS  and  definition  of  critical 
currents  and  voltages. 


ANNULAR  p+ 
CONTACT  DIFFUSION 


ANNULAR 
BASE  CONTACT 


COLLECTOR 

CONTACT 


ISOLATION 

DIFFUSION 


FIG.  3 


Cross  sectional  view  of+typical  ICS  device  studied,  drawn  for 
special  case  of  M-I-P-N  device  with  epitaxially  grown' junction. 
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rich,  silicon  nitride  (index  of  refraction  - 1.8  at  5460  silicon  oxy- 
nitride (index  of  refraction  = 1.68  at  5460  k),  Si02  and  polysilicon.  Metal- 
insulator-n-pf , metal-insulator-p-n+  and  metal-insulator-p  -n-n  devices 
were  studied  both  for  Si02  and  silicon-rich  silicon  nitride  insulators. 

For  the  insulating  polysilicon  and  silicon  oxynitride  insulators,  only  the 
metal-insulator-p-n+  variation  was  examined.  Only  the  structure  with  the 
oxynitride  insulator  showed  substantial  radiation  resistance.  For  this 
reason  slight  variations  in  this  structure  were  fabricated  with  only  two 
terminal  contacts  (the  base  contact  diffusion  and  base  contacts  of  Fig.  3a 
were  omitted). 

The  oxynitride  layers  were  deposited  at  700  C in  a cold  wall 

reactor  using  15  l/ min  of  argon  as  the  carrier  gas  with  250  cm  /min  of  1% 

silane  in  argon,  250  cm3/min  of  NH^  and  35  cm3/min  of  N20.  Wafer  preparation 

2 

followed  the  procedure  previously  described. 

IV.  RADIATION  TESTING 

Devices  were  iiradicated  with  a 1 meV  electron  beam  from  a LINAC 
accelerator,  using  100-450  ns  pulses.  Radiation  dose  rate  was  monitored 
using  a calibrated  p-i-n  diode  placed  in  the  same  location  as  the  test 
device. 

The  devices  were  mounted  on  a circuit  box  which  permitted  adjustment 

of  the  circuit  resistances  without  moving  the  device  relative  to  the  electron 

beam.  Most  tests  were  performed  with  the  device  10  cm  from  the  exit  port 

2 

of  the  accelerator  where  the  beam  area  is  of  the  order  of  4 cm  so  that 
accurate  relative  posioning  of  the  test  device  and  calibrated  p-n  diode  is 
not  critical.  For  obtaining  the  highest  dose  rate  of  the  order  of  10  rads 
(Si)/s,  a closer  placement  of  3 cm  was  necessary  where  the  beam  diameter  is 
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much  smaller.  Tne  position  of  both  the  test  device  and  p-i-n  diode  was  chosen 
by  placing  them  just  behind  a plastic  sheet  whose  previous  exposure  to  the 
beam  had  developed  a visible  spot. 

Tests  were  performed  to  determine  the  maximum  dc  voltage  V^R) 
that  could  be  applied  to  a device  and  a series-connected  load  resistor  RL 
which  would  still  prevent  the  device  from  switching  from  its  high  to  low 
impedance  state  when  irradiated  with  a radiation  dose  rate  R expressed  in 
units  of  rads  (Si)/s.  These  tests  were  usually  repeated  for  a variety  of 
circuit  configurations. 

V.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Typically  observed  results  of  the  radiation  tests  are  illustrated 
in  Fig.  4 which  presents  the  variation  in  the  maximum  voltage  V^lR)  which 
can  be  applied  to  two  different  ICS  structures  as  a function  of  the  logarithm 
of  the  radiation  dose  rate  without  having  the  radiation  initiating  a transi- 
tion from  the  high  to  the  low  impedance  state  of  device.  It  is  obvious  that 
the  two  different  types  of  devices  have  a quite  different  dependence  of 
V (R)  upon  R.  The  molybdenum-silicon  oxynitride-n-p+  clearly  has  a less 
sensitive  dependence  upon  the  radiation  dose  rate  than  does  the  molybdenum 
polysilicon-p-n"*  device.  It  is  presumed  that  the  differences  in  for 
the  3 cm  and  10  cm  window-to-device  separation  of  the  M/SiOxNy/p-n  device 
is  due  to  errors  in  normalizing  the  radiation  dose  rate  (alignment  error  or 

saturation  of  the  p-i-n  diode);  the  device's  I-V  characteristics  did  not  chanq° 
as  a result  of  the  radiation  tests.  Two  other  features  of  the  curves 
of  Fig.  4 are  the  more  rapid  decrease  of  VM(R)  at  lower  values  of  R and  the 
relative  saturation  of  ^(R)  at  higher  values  of  R. 
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RADIATION  DOSE  RATE  (RADS  (Sl)/S) 


78-42 


FIG.  4 Maximum  voltage  V which  can  be  applied  to  devices  and  load  resistor 
which  permits  device  to  remain  in  high  impedance  state  as+a  func- 
tion of  applied  radiation+dose  rate  for  M-polysilicon-p-n  device 
and  type  "A"  M-SiO^N^-p-n  device. 
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A qualitative  explanation  of  these  data  of  Fig.  4 is  obtained  from 
a comparison  with  the  behavior  of  the  threshold  voltage  VM  of  three  terminal 
versions  of  these  devices  as  a function  of  applied  base  current.  The 
primary  effect  of  the  electron  irradiation  is  the  creation  of  electron-hole 
pairs  in  the  semiconductor;  the  primary  effect  of  base  current  is  the  injec- 
tion of  minority  carriers  into  the  base  region  of  the  device.  The  implied 
eq  i valence  of  tnese  processes  assumes  that  the  major  result  of  the  pair  creation 
by  electron  irradiation  is  the  accumulation  of  minority  carriers  near  the 
collector  of  the  device. 

The  applied  switching  voltage  and  the  base  current  Ig  is 
presented  in  Fig.  5 for  both  the  polysilicon  and  the  silicon  oxynitride  device. 
Since  both  device  structures  have  equal  collector  and  emitter  areas,  and 
both  emitters  are  much  more  heavily  doped  than  the  base  regions,  the  current 
scale  of  Fig.  5 is  a good  approximation  to  the  relative  rate  of  minority 
carrier  injection  for  both  devices.  Inspection  of  these  data  therefore  sug- 
gests that  the  polysilicon  device  should  be  more  easily  switched  from  its 
high  to  low  impedance  state  by  radiation  than  the  oxynitride  device,  as  is 
observed. 

The  correspondence  between  the  relative  scales  (rads(Si)/s  for 
Fig.  4 and  current  for  Fig.  5)  can  be  approximated  by  the  following  considera- 

3 

tions.  The  number  of  electron-hole  pairs  produced  per  second  per  cm  of 
silicon  will  be  given  by 


N = P.  X (4.43  x 1013)  . (5) 


The  effective  volume  V in  which  they  are  produced  is  taken  to  be  thp  product 

4 2 »4 

of  the  collector  area  (1.25  x 10  cm  ) and  the  base  width  (4  x 10  cm). 
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APPLIED  VOLTAGE  AT  SWITCHING  (V) 


V1G.  'j  Voltage  applied  to  device  and  series  load  resistance  at  switching  as 
a function  of  applied  base  current. 


Hil  s assumes  tint  pairs  created  in  the  emitter  area  will  recombine  before 
cross! ni|  Mu'  emittei  Junction  and  that  moot  pairs  produced  outside  the  col- 
lector area  will  recombine  before  diffusion  to  the  collector  depletion  /one. 
The  primary  current  produced  by  the  radiation  will  therefore  be 

1 « q R V(4.43  v 1013)  . 

Hiis  current  should  bo  compared  to  a base  current  which  is  smaller  than  the 
applied  base  current,  by  a factor  of  l/36,  since,  assuming  uniform  emitter 
current  density,  only  this  fraction  will  reach  the  collector  because  the 
ratio  of  collector  to  emitter  area  is  lid.  the  observed  base  current,  gain 
of  these  devices  (measured  approximately  at  V^)  Is  **  4.  so  tor  an  ideal 
device  (with  equal  collector  and  emitter  areas),  the  radiation  produced  at 
W rads(b!)/s  therefore  should  bo  comparable  to  the  effect  of  a base  current, 
in  the  real  device  equal  to 


or 


1B  ■ 36  qRV  (4.43  y 1013) 


I - 1.28  x l(f 11  R 


(6) 


If,  for  example,  R « 1(V  rads  (Si)/s,  the  equivalent  base  current  Is  1.28  mA. 
From  Fiq.  4,  an  applied  radiation  dose  rat  e of  1 09  rada/Si  )/s  suppress  V ...^ 
to  about  4-6  Vt  from  Fiq.  5,  a base  current  of  ? mA  suppress  to  about 
■\  v.  The  approximate  correlation  between  equivalent  base  current  and  R is 
therefore  not  completely  unreasonable. 

Most  other  structural  variations  investigated  behaved  under 
irradiation  in  a manner  at  least  qualitatively  predictable  from  knowledqe  ot 
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j n,.i  r-  VTH(I  ).  For  example,  M-Si02~n-p+  devices  which  have  an  extremely 

5 

sensitive  suppression  of  their  threshold  voltage  by  base  current  could  not 
he  kept,  in  their  high  impo  ance  state  for  radiation  dose  rates  above 
‘j  x 10®  rads/s  for  any  applied  bias  above  V^. 

Another  structure,  a M-Si02  p -n-n  device,  whose  base  region  was 
produced  by  diffusion,  behaved  under  irradiation  in  a manner  which  is  under- 
standable on  the  basis  of  the  above  considerations.  Even  though  this 
device  had  only  a weak  suppression  of  its  threshold  voltage  when  base  current 
was  applied,  the  device  was  fairly  sensitive  to  electron  irradiation  with 
dose  rates  above  10^  rads/s  causing  the  device  to  switch  to  its  low  impedance 
state  at  any  applied  voltage  above  V^..  The  base  p region  of  this  device 
was  doped  almost  as  heavily  as  the  emitter,  however.  Thus,  the  small 
depression  of  with  base  current  probably  reflects  a low  efficiency  of 
injection  of  minority  carriers  into  the  base  rather  than  some  inherent 
insensitivity  of  the  device's  threshold  voltage  to  increased  minority  carrier 
density  in  the  collector  region. 


VI.  EFFECT  OF  CIRCUIT  AND  DEVICE  VARIATIONS  ON  RADIATION  HARDNESS 

The  SiO  N insulator  devices  which  were  the  most  radiation 
x y 

resistant  structures  were  further  examined  to  include  the  effects  of  different 

circuits  and  variation  in  device  structure  upon  radiation  hardness.  Ihe  first 

of  these  experiments  involved  nothing  more  than  the  change  of  load  resistance 

in  a simple  two-terminal  connection.  The  data  of  Fig.  6 were  obtained  using 

another  variant  of  the  M-SiO  N -p-n  structure  which  was  fabricated  for  the 

x y 

sole  put  pose  of  checking  that  the  radiation  hardness  was  a reproducibly 
obtainable  behavior  of  this  basic  structure.  The  tested  devices  were  made 
within  a simple  two-terminal  format  in  order  that  device  fabrication  be 
expedited. 
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RADIATION  DOSE  RATE  l RADS  (Sil/S]  »-«’ 

FIG.  6 Maximum  voltage  VM  for  type  "B"  Si0xNy"P~n+  device  as  a function  of 
radiation  dose  rate. 
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Table  1 lists  the  various  dimensional  parameters  of  the  devices 
used  to  obtain  the  data  of  Figs.  4 and  6.  All  these  structures  were  fabricated 
from  similar  starting  p/n+  silicon  wafers.  The  emitter  and  collector 
diameters  d,  and  d,.,  and  the  inner  and  outer  diameters  d and  d0  of  the  base 
contact  diffusion  are  defined  in  Fig.  3. 


Table  1.  Comparison  of  dimensional  parameters  of 

three  different  M-SiO  N -p-n  devices. 

x y 


Device 

A 

B 

C 


Two-  or  Three- 
Terminal 

3 

2 

2 


(10~2  cm)  (10~2  cm)  ( 10' 


cm)  (lO-^  cm) 


3.81 

1.78 

3.81 


1.27 

1.27 

1.27 


1.78 


2.54 


The  relationship  between  and  R of  Fig.  6 for  structure  B is 

seen  to  be  qualitatively  similar  to  that  obtained  for  the  three-terminal 

structure  A shown  in  Fig.  4.  The  relative  minimum  value  of  at 
ft 

R = 4 x 10  rads(Si)/s  is  not  observed  in  Fig.  4,  however,  and  occured 
for  all  structures  tested  on  the  date  these  data  were  obtained.  No 
explanation  is  available  for  this. 

The  two  different  devices  "1"  and  "2"  represent  the  widest  vari- 
ation in  threshold  voltages  available  from  this  run.  Device  "1"  with  a 
threshold  voltage  of  10  V was  typical  of  the  run;  device  "2"  with  a 
threshold  voltage  of  8 V was  selected  as  the  device  with  the  lowest  threshold 
voltage  of  the  run.  Note  that  V^,  the  maximum  voltage  which  can  be  applied 
to  the  device,  and  the  load  resistor  with  the  radiation  causing  the  device 
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to  switch  to  the  low  impedance  state  track  each  other  through  the  ring*  of 
applied  radiation  dose  rates.  The  data  obtained  at  the  highest  dose  rates 
(marked  by  square  symbols)  were  obtained  on  different  days.  Fhe  slight  dif- 
ferences between  this  data  and  that  obtained  at  lower  R may  be  caused  only  by 
error  in  calibration  of  the  LINAC's  output  radiation.  The  change  in  upon 
changing  R,  from  500  to  120  n is  believed  to  represent  a real  effect/  The 
device  w is  not  moved  in  changing  Rj  and  one  set  of  data  was  obtained 
immediately  after  the  other. 

The  effect  of  varying  Rj  on  can  be  explained  by  an  examination 
of  three  terminal  device  characteristics  of  the  related  three  terminal 
devices.  Note  that  the  voltage  required  to  cause  switchings  as  a function 
of  applied  base  current  shown  in  Fig.  5 explicitly  depends  upon  the  load 
resistance.  The  difference  between  VA(500  Cl)  and  (120  fl)  at  high  values 
of  I0  is  about  1.5  V;  the  difference  in  VM  (500  n)  and  VM  (120  fl)  is  about 
2.5  V at  high  values  of  R.  This  approximate  argument  is  probably  all  that 
can  be  expected  considering  the  fact  that  the  two  devices  ("A"  and  "B"  of 
Table  l)  do  not  have  identical  two-terminal  I-V  characteristics. 

The  reason  that  V A required  for  switching  differs  so  much  for 

R = 500  0 and  R.  = 120  fl,  as  illustrated  in  Fig.  4,  involves  the  details 
L h 

of  conduction  mechanism  through  the  silicon  oxynitride  and  such  a discussion 
is  beyond  the  scope  of  this  paper.  But  it  is  useful  to  more  explicitly  dis- 
cuss this  difference  with  reference  to  the  actual  1-V  characteristics  of  the 
device  which  are  shown  in  Fig.  7a  and  7b  for  R^  = 120  Cl  and  R^  = 500  Cl, 
respectively.  The  1-V  characteristics,  strictly  within  the  high  impedance 
state,  are  identical  for  both  values  of  load  resistance.  The  value  of 
V (I  , Ry  ) for  R.  = 120  Cl  exceeds  that  of  V_j  (ig)  because  of  the  finite 
current,  carried  in  the  high  impedance  state.  Referring  to  Fig.  8,  it  can  be 
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VEC  <1  V DIV) 


78-46 

FIG.  7 Current  voltage  charact< ri  tics  of  type  "A"  M-SiO  N - 
Note  differential  negative  resistance  characteristics 
R.  = 500  .1  • 

(a)  R = 500  n. 

(b)  = 120  n. 


p-n  device, 
only  when 


178 


FIG.  8 I-V  characteristics  of  high  impedance  state  illustrating  relation 
between  threshold  voltage  and  applied  voltage  VA  at  switching 
for  device  with  I-V  characteristics  as  in  Fig.  7b. 
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seen  that 


where  I is  the  maximum  current  carried  in  the  high  impedance  state.  Note 
TH 

that  V is  independent  of  R and  is  defined  as  the  maximum  voltage  across 
TH  i- 

the  device  itself  which  can  exist  in  the  high  impedance  state. 

Now  at  high  values  of  Ig,  1^^  « 1 mA.  Thus,  one  would  expect 
that  if  this  were  the  only  consideration  that 

Vfl  (500  a)  - v (120  n)  « (380  Q)  (1  mA)  = 0.38  V (8) 

A A 

whereas  AV  is  observed,  as  noted  above,  to  be  as  large  as  2 V.  The  larger 

A 

value  of  AV.  arises  from  the  differences  in  the  I-V  characteristics  of  the 

A 

devices  beyond  the  low  impedance  state,  as  shown  in  Fig.  7b,  where  there  are 
differential  negative  resistance  (DNR)  characteristics  of  the  device  between 
the  low  and  the  high  impedance  states  which  are  only  apparent  when  Rg  = 500  Q. 

The  DNR  characteristics  are  quite  different  from  the  "intermediate 
impedance  state"  previously  defined  in  several  respects!  The  true  inter- 
mediate state  has  a positive  differential  resistance  whose  differential 
resistance  is  independent  of  the  load  resistance  and  whose  voltage  is  inde- 
pendent of  I . The  differential  resistance  of  the  peculiar  state  of  Fig.  7b 

is  equal  to  -RL  for  400  < Rj  < 3000  Q and  its  voltage  shifts  with  changes 

in  I as  shown.  More  importantly,  transitions  to  the  true  intermediate 
B 

state  are  latching  transitions  in  that  unless  the  collector  voltage 
is  lowered,  the  device  will  remain  in  the  intermediate  state  even  if 
an  applied  base  current  which  initiated  the  transition  is  removed. 

Transition  to  the  DNR  states  of  Fig.  7,  on  the  other  hand,  are  nonlatchinq 


transitions  unless  the  collector  current  exceeds  the  upper  limit  sown,  i.e., 

t > 9 mA  for  I..  = 0 and  0.1  mA. 

lC  B 

Tnose  DNR  states  therefore  act  as  a block  for  transitions  into  the 
low  impedance  state.  Much  greater  collector  current  must  therefore  be 
generated  to  cause  the  device  to  make  a transition  to  the  low  impedance 
state.  Use  of  such  a high  value  of  so  as  to  cause  these  DNR  states  to 
appear  will  slow  down  transitions  to  the  low  impedance  state  even  more  than 
would  be  expected  by  an  increase  in  collector  time  constants,  but  one  could 
design  a memory  circuit  which  has  a different  effective  load  resistance  for 
holding  information  than  it  does  during  writing  operations.  The  blocking 
action  of  these  DNR  states  may  therefore  be  of  great  practical  utility. 

Further  changes  in  sensitivity  to  radiation  are  observed  when 

electrical  connections  are  made  to  all  three  terminals  of  the  device. 

Electrical  connection  to  the  base  terminal  is  desirable  for  memory  circuit 

applications  and  in  such  circuits  there  is  often  an  effective  resistance  or 

p-n  junction  diode  connected  between  the  base  and  emitter  terminals.  The 

basic  effect  of  adding  a shunt  conductance  between  the  emitter  and  base 

+ 

terminals  is  shown  in  Fig.  9 for  two  other  devices  with  a M-SiCyyp-n 
structure  similar  to  that  used  to  obtain  the  data  of  Fig.  4.  Note  that 
adding  a shunt  conductance,  as  shown  in  the  insert  to  Fig.  9,  increases 
for  either  value  of  R,  . Also  shown  is  VM  for  a similar  device  which  had  bonded 
to  it  mount  a shunt  diode,  according  to  the  second  circuit  shown  in  the 
insert.  This  shunt  diode  was  irradiated,  of  course,  along  with  the  device 
itself. 

The  effect  on  radiation  resistance  of  addinq  a shunt  conductance 
between  emitter  and  base  can  be  qualitatively  explained  by  considering  the 
effect  on  the  quiescent  current-voltage  characteristics  of  the  device.  The 
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VM  (VOLTS) 


major  effect  is  to  increase  the  devices'  threshold  voltage  by  tending  to 

5 

lower  the  emitter-base  junction  bias*  This  causes  decreased  injection  and, 
perhaps,  more  importantly,  a decrease  in  the  regenerative  processes  emph  sized 
by  Simmons  and  coworkers^  in  which  the  number  of  base  majority  carriers  which 
cross  the  junction  is  multiplied  to  further  increase  the  number  of  base 
minority  carriers  which  reach  the  collector.  The  external  connection  to  the 
base  terminal  also  permits  a new  avenue  of  escape  of  minority  carriers  that 
might  otherwise  diffuse  to  the  collector  depletion  zone.  For  these  particular 
devices,  the  critical  voltage  \l c,  the  minimum  voltage  which  must  be  applied 
to  hold  the  device  in  its  low  impedance  state,  was  not  affected  much  by 
emit. ter -hise  shunt  conductance,5  and  therefore  the  increase  in  VM  shown  in 
Fig.  9 represents  a real  net  gain  in  the  allowable  range  of  applied  V. 

Finally,  a third  variation  of  a two-terminal  structure  was  tested. 
This  was  the  device  structure  "C"  of  Table  1.  As  shown  in  Fig.  10,  this 
device  was  scarcely  affected  by  radiation  up  to  the  maximum  radiation  dose 
rate  available  with  the  exception  of  the  anomalous  reduction  in  at 
4 x 108  rads(Si )/s.  This  insensitivity  to*radiation  cannot  be  explained 
because  structural  variations  of  this  type  of  device  have  not  been  studied 
except  in  this  experiment.  (Except  for  the  radiation  immunity,  these  par- 
ticular types  of  devices  have  not  been  the  best  performing  memory  devices, 
largely  because  of  the  insensitivity  of  their  threshold  voltage  as  a function 
of  base  current.)  However,  one  may  be  suspicious  that  the  enlarged 
SiC>2  p-type  Si  interface  near  the  collector  region  acts  as  an  efficient 
recombination  surface  for  minority  carriers,  thus  reducing  the  total  flux 
of  minority  carriers  which  reach  the  collector.  In  support  of  this 
hypothesis  is  the  observation  that  the  threshold  voltage  is  higher  for  this 
structure  than  either  of  the  "A"  or  "B"  variations. 


-183- 


VII.  SUMMARY  AND  CONCLUSIONS 


The  sensitivity  of  ICS  devices  to  high  energy  electron  radiation 
has  been  measured  for  the  first  time.  The  general  behavior  of  the  device 
under  radiation  can  be  explained  by  considering  how  the  device  behaves  under 
three-terminal  biasing  without  radiation.  The  less  sensitive  the  reduction 
in  device  threshold  is  to  applied  base  current,  the  less  sensitive  the  device 
is  to  radiation.  Both  the  application  of  base  current  and  the  irradiation 
of  the  device  will  increase  the  minority  carrier  flux  which  reaches  the  col- 
lector depletion  zone  which  accounts  for  the  commonality  of  their  effects. 

The  reduction  in  sensitivity  to  radiation  caused  by  a shunt  conductance 
across  the  emitter-base  terminals  is  similarly  explained  by  a reduced  total 

collector  of  minority  carriers. 

The  particular  structural  variation  of  ICS  devices  which  was 

found  to  have  the  greatest  resistance  to  radiation  was  a Mo-SiO^-p-n 
structure.  All  variations  in  this  structure  which  used  the  same  insulator 

material  showed  high  radiation  immunity. 

The  use  of  silicon  oxynitride  as  the  insulator  material  does  impose 

a performance  penalty  because  of  the  higher  power  requirements.  Use  of  SiC>2 
or  polysilicon  insulator  materials,  for  example,  would  permit  a collector 
sustaining  current  density  of  the  order  of  1.6  A/cm  . For  the  silicon  oxy 
nitride  insulator,  however,  the  sustaining  current  density  is  of  th«  order 
of  10-20  A/cm"^.  The  minimum  power  required  to  hold  a device  in  the  low 
impedance  state  is  given  by 


PHIN  ' !C  RL  + VS  *C 


(9) 


For  a polysilicon  or  Si02  device  with  - 1.5  V and  120  Q and  a 
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-9  2 

collector  area  of  1.25  x 10  cm  , this  minimum  power  is  0.3  mW.  For  the 
oxynitride  device  of  the  same  dimension  the  minimum  power  is  3.5  mW.  The 
increased  power  required  to  hold  information  in  a silicon  oxynitride  insulator 
device  is  the  primary  penalty  which  must  be  paid  for  radiation  hardness  in 
an  ICS  memory  circuit. 

The  fact  that  higher  base  current  densities  must  be  used  to  suppress 
the  threshold  voltage  in  order  to  select  a given  device  within  a memory  array 
for  transition  to  the  low  impedance  state  is  another  penalty  which  is 
incurred  by  use  of  the  silicon  oxynitride  insulator.  Base  current  densities 
approximately  ten  times  as  large  must  be  used  to  suppress  the  s: licon  oxy- 
nitride device's  threshold  voltage  to  the  same  level  as  that  of  an  Si02 
polysilicon  device.  The  fabrication  and  operation  of  a silicon  oxynitride 
memory  array  is  conceivable,  however,  with  the  circuit  being  immune  to  radia- 
tion dose  rates  in  excess  of  10^  rads/s. 
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